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This thesis focuses on the formation of heterogeneous structures, and their optimization 
to form improved components for nanocircuits; including light source, antenna 
incorporation for enhanced wave guiding, and probe tip fabrication for device testing. 
 
A method was developed for the heteroaggregation assisted wet synthesis of core-shell 
nanowires by coating silver nanowires with a thin silica layer followed by an outer shell 
of CdSe or Au nanoparticles. Total coverage of nanoparticles on nanowires was found to 
increase with the nanoparticle size, which is attributed to the increase in the van der Waals 
interaction between the nanoparticles and the nanowire with the increasing size of 
nanoparticles, with steric repulsion also contributing due length of capping ligands 
limiting the overall achievable coverage. Investigation of the core-shell nanowire’s 
optical properties yielded CdSe Raman peak enhancement by a factor of 2-3 due to the 
excitation of surface plasmon propagation making them suitable for probe tip 
incorporation. 
 
A CdSe-SiO2-Si heterostructure was developed and optimized by determining the 
optimum silica layer thickness for different CdSe block thicknesses through COMSOL 
simulations to form a nanocircuit light source. Once obtained; the optimum structure was 
formed through electrophoretic deposition of CdSe on silica coated silicon wafers and 
tested for lasing. A 500 nm thick CdSe layer on 100 nm of silica coated silver nanowires 
showed a lasing peak around 670 nm highlighting the effective mode confinement. The 
optimum thickness for trench patterns was also determined through simulations; though 
no further enhancement was achievable through antenna use. 
 
The overall improvement in surface plasmon waveguide propagation afforded by antenna 
structures was investigated by comparing bowtie and semicircle antenna for the surface 
plasmon propagation in Au-Mica trench patterned and line cut plain waveguide structures 
both experimentally and through COMSOL simulations. Both the effects of polarization 
and wavelength were investigated and discussed. In a broadband system; the bowtie 
antenna was shown to result in an enhancement factor of 2.12 ± 0.40 when the beam was 
perpendicular to the regular waveguide yet with no enhancement for parallel 
polarizations, and for the line cut strong enhancement for a parallel polarization with no 
noticeable enhancement for the perpendicular condition. Similar results were obtained for 
the semicircle antenna for the line cut; yet with no noticeable enhancement for the trench 
cut plain waveguide structure. This was found to be due to the excitation of different 
modes: surface plasmon modes and gap modes, depending on beam polarization. The 
mode leakage into the substrate was also discussed. 
 
The effects of filling the trench and line cut structures with semiconductor materials for 
the Au-Mica substrates are also investigated through COMSOL simulations. Filling the 
Au-Mica line cuts improves surface plasmon propagation by a factor of 10 due to 
improved mode confinement. The potential for a multi-slit design was also discussed as 
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1.1     Surface Plasmon Propagation for Optoelectronic Nanocircuit 
Implementation 
The information and communication technology (ICT) sector is constantly searching for 
smaller and faster devices to improve efficiency. However, as the components of these 
devices shrink below 10 nm their material properties necessary for electron transport 
become altered due to quantum effects resulting in phenomena such as electron tunnelling 
which results in a sharp decrease of the performance of these devices[1][2]. One method 
that can be used to overcome this obstacle is by using light instead of electrons to carry 
information in processors and other devices which require nanocircuits[3][4][5]. Light 
offers a much larger signal bandwidth via parallelism of wavelength division 
multiplexing at very high clock rates which allows it to carry more information than 
conventional electron systems. 
 
Surface plasmons (SP) are generated through the interaction of light of a suitable 
frequency with the electrons on a conductive surface at the metal/dielectric 
interface[6][7]. This causes the electrons to oscillate along this surface in resonance with 
the light wave which, in turn, produces an electromagnetic field which propagates along 
the surface and decays exponentially into the material; which makes them desirable for 




plasmons can propagate at very high speeds up to several THz, which is much faster than 
current computer processors.  In addition, SPs can overcome the Abbe diffraction 
limitation and their optical modes can be confined in the deep subwavelength spatial 
dimension making light manipulation at the nanoscale possible. Its properties therefore 
allow it to meet the large bandwidth demands by high-performance computation while 
still maintaining high integration density. 
 
A range of nanocircuit elements have already been implemented that use SPs to perform 
the tasks typically carried out by electronic circuits such as information transport and 
logic computation[8][9][10]. These elements have also proven capable of operating in a 
range of wavelength regions including near-infrared allowing for both broadband 
applications as well as possible silicon chip incorporation[11]. Nanocircuit components 
which utilise propagating SPs can be fabricated either through the micromanipulation of 
nanowires and particles, or through direct patterning into a substrate using focused ion 
beam milling, electron beam microscopy, and/or plasma etching to form more complex 
patterns out of basic structures such as trenches for more advanced calculations[12][13]. 
 
There are a number of roadblocks associated with this task however: All plasmonic 
devices suffer from high ohmic loss when used as signal carriers due to electron 
movement inside the metal layer resulting in short propagation lengths[14][15]. 
Nevertheless, it is possible to compensate for the propagation loss of surface plasmon 
modes by carefully engineering the gain media in close proximity to the metallic 
materials.  Great successes have been achieved on gain-assisted surface plasmon 




applications are not suitable for information transfer among the various components in a 
circuit. In addition, successful signal transport within plasmonic circuits requires an in-
situ amplification mechanism for the signal attenuation due to propagation loss, a factor 
that while crucial is not well studied in the field[18]. It is therefore necessary to develop 
structures suited for both information transfer and high gain applications. 
 
Plasmonic nanowires are promising candidates for the creation of nanocircuits. Metallic 
nanowires branches can be utilized as wavelength dependent optical signal routers. 
Carefully designed nanowire networks can even perform complex logic algorithms[8][9]. 
It is therefore crucial to show that the propagation loss of surface plasmon modes 
supported by nanowires can be compensated via gain media. This is a vital step towards 
completing the nanowire based plasmonic circuitry which currently has not been well 
researched. Adding an external nanoparticle layer to the silica coated nanoparticles allows 
for the production of hybrid plasmonic modes when excited with a suitable light 
source[19]. This hybrid mode production allows for the surface plasmons to propagate 
for longer with a higher waveguided output. Not only does this enhance gain; but it also 
can enhance other optical properties such as Raman bands and fluorescence; allowing for 
heterogeneous nanowires to also perform as probe tips for sensing and device 
testing[20][21]. 
 
One method through which the building blocks for nanocircuits will be formed and/or 
tested is through the synthesis of core-shell plasmonic nanowires through 
heteroaggregation. Heteroaggregation, the attachment of dis-similar particles in 




outer nanoparticle layers [24][25]. Studies have indicated that the particles adsorbed on 
the surface show a preference for lateral attachment over clustering on the surface, and 
that the attachment process can begin at lower energies compared to bulk aggregation 
allowing for the possibility of complete monolayer shells to be formed [26]. While 
aqueous heteroaggregation has been extensively studied; the occurrence in nonpolar 
solvents is still relatively unknown. 
 
Chapter 4 discusses the synthesis route developed for the formation of heterogeneous 
core-shell metal-insulator-semiconductor nanowires through heteroaggregation. The 
work presented in this chapter focuses on developing one main type of nanowire; metallic 
nanowires wrapped in semiconductor shells with a thin insulating layer. This structure 
allows for the geometric structures which are necessary to carry light signals effectively; 
while still allowing for the formation of nanocircuits through micromanipulation, or for 
probe tip incorporation. The effects of particle size on attachment are discussed along 
with the optical properties of the completed core-shell nanowires. 
 
Nanowire assembly is only one possibility for the formation of nanocircuits. Direct 
patterning through methods such as focused-ion beam milling and electron milling can 
be used to cut the desired nanocircuits component into a suitable substrate[27]-[29]. 
Nanowire structures have already been fabricated into various structures using these 
methods along with other nanoscale designs such as filters[30]. 
 
As such, this work also seeks to develop a suitable heterogeneous substrate which will 




fabrication and to act as a lasing source for nano-optical devices. Heterogeneous 
structures have already proven capable of producing strong optical enhancement along 
with various other applications in industrial and medical sectors[31]-[33]. The formation 
of a suitable heterogeneous structure could act as a good light source for optical 
nanocircuits allowing for the production of a laser light source. 
 
Chapter 5 involves the development of a heterogeneous Cadmium Selenide (CdSe)-silica-
silicon substrate. This includes the optimization of the silica layer thickness for CdSe 
layers of different thicknesses to prevent cavity mode leakage into the substrate through 
simulations in COMSOL, realization of the substrate through experimental techniques 
and its lasing abilities, along with the ability to maintain high propagation values in cut 
structures. 
 
Optical and electronic output for both nanocircuits, logic gates, and single components 
can be further enhanced through the addition of various antennas such as the bowtie and 
semicircle structures. These antenna structures can greatly enhance both optical and 
electronic properties due to small gap widths that offer high field enhancement which can 
reduce the effects of insertion loss making the overall output of the waveguided 
propagation stronger even considering the propagation losses into the substrate[34]-[37]. 
The unique geometry of antennas such as the slot and bowtie allows them to behave the 
same as coupled plasmon resonant pairs while also exhibiting the electromagnetic 
properties of sharp metal tips[34]. These antennas have shown capable of exciting surface 
plasmons in nanowire structures and have strong potential to be extended to the 




addition; by tailoring the geometry of each antenna carefully, their wavelength excitation 
can be tailored to the desired value[37]. The directionality and dipole distribution offered 
by these antennas should improve the overall output resulting in better performance for 
the optoelectronic circuits by reducing the losses due to scattering and mode leakage or 
loss. 
 
Chapter 6 discusses the ability of various antenna structures to enhance the waveguided 
output from trench and line cut plain waveguide structures in an Au-Mica substrate. This 
work includes the effects of polarization and pattern width on this output along with the 
antenna’s enhancement in broadband applications through a mixture of both simulations 
in COMSOL and actual experimental patterning and testing of the plain waveguide and 
antenna structures. Chapter 7 involves the investigation of further ways to improve the 
waveguided propagation in the structures through the addition of additional 
semiconductor materials into the Au-Mica patterns; and the effect of multiple slits for 
increased optical coupling into the nanopatterns. 
 
1.2     Thesis Outline 
The following section gives a layout of the thesis: Chapter 2 gives an overview of the 
research that has been carried out in the field of plasmonics, heterogeneous structure 
formation and properties, waveguide propagation and optoelectronic nanocircuits and 
logic gates. Chapter 3 gives an explanation of the nanoparticle synthesis routes and 
experimental techniques used both to form and investigate the properties of the nanowires 
and structures formed in this thesis. Chapters 4-7 discuss the results and conclusions 




summarizes the major results obtained from the work presented in each chapter along 
with suggestions for work that can be carried out in the future arising from these 
investigations. 
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2.1     Introduction 
This chapter summarises the current research surrounding surface plasmon propagation 
(SPP) and nanoscale optoelectronics in both metal and heterogeneous nanostructures. 
SPPs have already been proven capable of carrying out a variety of applications from 
computational logic to SERS enhancement in metal dielectric structures.  The 
nanostructures for computational logic and resonant SERS applications require external 
amplification to allow them to propagate suitable distances, or to provide a strong enough 
signal, to make these applications viable; however, heterogeneous materials have proven 
capable of SPP enhancement through the generation of hybrid plasmonic modes. Some 
of the main results in these areas will be highlighted and elaborated upon in the following 
chapter. 
 
In addition, ways to coat materials through heteroaggregation with metal or 
semiconductor nanoparticles are highlighted along with a discussion of the Stӧber method 
and how it can be adapted to grow silica shells. Some of the most common methods for 
semiconductor and metal nanoparticle synthesis are also discussed; as well as the effects 
of ligands on the various properties of nanoparticles and the benefits exchanging these 







2.2     Surface Plasmon Propagation 
Surface plasmons are generated through the interaction of light of a suitable frequency 
with the electrons on a conductive surface. This causes the electrons to oscillate along 
this surface in resonance with the light wave which, in turn, produces an electromagnetic 
field which propagates along the surface and decays exponentially into the material[1][2]. 
This phenomenon allows for the transportation of light through subwavelength channels 
allowing for the construction of plasmonic circuits. These would involve first converting 
the light into propagating surface plasmons, which could then be used to carry out logic 
computations before being reconverted into an output light signal[1][2]. 
 
The transport of surface plasmons across a conductor’s surface is different to that of 
dielectric waveguides seen in fibre optic cables. While dielectric waveguides work on the 
basis of confining the light into a cladding region where the refractive index of the 
cladding is less than that of the core, plasmonic waveguides are confined to metal-
dielectric interfaces due to the negative dielectric constant of the metallic region[1]. The 
propagation constant of a wave of surface plasmons propagating at a metal dielectric 
interface can be expressed as: 
                                                             = 	 

                                                         2.2.1 
Where εm is the dielectric constant of the metal, na is the refractive index of the dielectric, 






Fig: 2.2.1: (a) The propagation of surface plasmons along a metal-dielectric interface, (b) the evanescent propagation 
of the resulting electromagnetic field that is bound and decays exponentially into the interface, and (c) the momentum 
mismatch that exists between light and surface plasmon modes. Image obtained from W. L. Barnes et al[1] 
 
There are still issues with the use of surface plasmon propagation for subwavelength 
confinement; the propagation length can be quite short without an external pumping 
system, and resistive heat losses in the metal deteriorate the obtainable signal[4][5][6]. 
As a result the loss coefficient for a two-dimensional structure was 8.5-17 dB/mm without 
external amplification[7]. 
 
Surface plasmons have been implemented for forming sensors which could allow for the 
improvement of detection limits of bio-sensors and multichannel performance, and the 
development of advanced recognition elements[8][9][10][11]. Surface plasmons can 
overcome the Abbe diffraction limitation, and their optical modes can be confined into 
deep subwavelength which allows for manipulation of light at the nanoscale possible. 
Surface plasmons are also capable of propagating at very high speeds (100 THz) which 
are much faster than current processors, and can meet large bandwidth demands, through 
the use of computation, while still maintaining high integration density[12][13][14]. 
These benefits would make plasmonic based circuitry highly desirable to the ICT industry 





Surface plasmons also have a variety of uses in ‘hot carrier’ applications. Hot carriers 
occur when an electron in a solid is excited in such a way that an electron and hole pair 
are generated which have energy values higher than that of thermal excitation at room 
temperature[16]. These carriers have a variety of applications in photovoltaics, 
photodetection, photochemical reactions, and local heating of nanostructures[16]. When 
these hot carriers are excited by plasmons; the hot electrons can excite vibrational modes 
in a sample allowing for  resonant SERS applications and to catalyse chemical 
reactions[16][17][18]. The local heating of nanostructures through the decay of the hot 
electrons into the metal medium has also brought forward a variety of applications such 
as the local killing of cancer cells and the growth of individual semiconductor 
nanowires[19][20]. The heat dissipation can be regulated over a small spatial range 
making the heating through hot electrons very desirable[21]. For photovoltaic devices; 
high efficiencies up to 30 % can be obtained through the efficient collection of the hot 
electrons and the confinement of their propagation[22]. 
 
Furthermore, plasmonic resonance between overlapping dimers for small distances result 
in very strong plasmon enhancement making them extremely suitable for SERS 
applications[23]. Decreasing the distance can also result in a shift into the IR for low-
frequency dipole modes which is more pronounced than separate particles with a jump to 
the red at contact[23]. Plasmonic nanowires can also be used for spectroscopy when the 
plasmonic oscillations of the nanowire structures are suitably excited. If these oscillations 
occur with radiation below the semiconductor bandgap; then the oscillations can be used 





Plasmonic molecules of gold nanocrystal clusters have even been formed through the 
self-assembly of gold nanoparticles using a suitable ligand molecule which can readily 
be dissolved in aqueous solutions and can be used to form structures for nanooptics 
applications[25]. 
 
SPPs are therefore a novel phenomenon that have a wide variety of applications in optical, 
electrical, chemical, and biological areas. With further work the benefits obtained using 
SPPs can be improved even further. 
 
2.3     Propagation Loss in Optical Devices 
While optical devices are useful for information transport; their design must be 
carefully tailored to reduce the signal loss which can occur due to common optical 
and electrical phenomena. 
 
Plasmonic devices made of metal suffer from extremely short propagation lengths 
due to electron movement in the metallic layer. This results in high ohmic loss 
occurring in the structure[26]. Metal-Insulator-Metal (MIMs devices) can also suffer 
from short propagation distances if the insulator thickness is too small. This results 
in the decoupling of the plasmon modes on the metal surfaces[27]. High confinement 
in plasmonic devices can further result in increased losses due to larger field overlaps 
in the metal. In addition; high insertion losses can occur due to the limited mode 
overlap of less confined fields in structures such as Si integrated photonics[28]. 
 
Another issue which can occur with nanophotonic devices is mode leakage due to 




propagation is reliant on total internal reflection to maintain the propagation of the 
light through the cable[29][30]. However; the phenomenon can also effect devices 
such as LEDs and structures reliant on waveguide propagation output as the refraction 
index mismatch can result in mode leakage and high performance loss as a 
result[31][32]. 
 
Optoelectronic devices can potentially suffer from optimal power mismatch if 
electronic and optical regions are used in the same device. For smaller optical 
interconnects the power may need to be up to ten times lower than that of the other 
components making suitable power sources harder to regulate[33]. 
 
Therefore, while optical nanodevices provide a wide variety of advantages over 
conventional electronic nanocircuits; care must be taken in their design to obtain the 
highest output possible, and certain issues still remain with their manufacturing to 
maintain strong propagation in the structures. 
 
2.4     Surface Plasmon Propagation Amplification 
As mentioned in the previous section; while SPPs have a variety of applications they 
suffer from a very short propagation length (a few tens of microns). A wide range of 
methods have been developed which allow for the amplification of the SPPs allowing 
them to propagate for much longer distances. A selection of the most successful methods 
will be discussed in this section. 
 
One of the method that exists for the amplification of SPP is through the use of a laser 




increasing the pump intensity of the laser source SPP is amplified resulting in a 
characteristic spectral narrowing effect. The increase in amplified spontaneous emission, 
or stimulated emission, allows for an increasing number of electrons to be excited at the 
material interface, resulting in increases in the SPP observed[34]. It has also been proven 
that a linear relationship exists between pump intensity and SPP amplification which 
holds regardless of the input angle of the laser[34]. 
 
Other methods involve the use of prisms and diffraction gratings[34][35][36]. One of the 
most common configurations for this is that of the Kretschmann configuration; which 
consists of a metal film on the base of a high-refractive-index prism with a low-refractive-
index medium on the other side of it. Slits are then introduced to the metal through the 
use of a grating coupler[34][37][38]. The prism and/or grating increases the momentum 
of the transverse magnetic (TM)-polarised incident light so it matches that of the SPP. 
This results in the reflectance drop reducing as the internal gain in the system increases 
until amplified total reflection occurs; increasing the propagation distance of the SPP[34]. 
As an alternative to the prism; QDs of materials such as PMMA beads doped with PbS 
can be placed onto the metal grating[39]. Using the photoluminescence of the QDs as an 
additional amplification source; the propagation length of SPPs can be increased by 






Fig: 2.4.1: (a) A schematic of the PMMA strip used to confine plasmons at the gold-polymer interface and (b) An 
atomic force spectroscopy image of the structure. Image obtained from J. Grandidier et al. [39] 
 
Metal-clad waveguides and metal-gap waveguides can also be used to confine short range 
symmetric SPPs which are useful for nano-antenna applications[41]. By including layers 
of semiconductor material; the propagation losses can be minimised, or prevented, which 
can be improved further with external pump mechanisms. In addition; thin patterned 
layers of dielectric material can be placed onto metal films to confine or redirect the SPPs 
as the dielectric layer is a natural host for dipolar emitters[41]. 
 
Simulations have been carried out that of electronic applications which can allow for 
lossless SPP in specifically designed plasmonic circuits. In work by Fedyanin et al. 
Schottky-barrier diodes simulated could allow for full SPP loss-compensation and net 
gain for wavelengths up to 3 µm[42]. The device involves inducing a steady-state 
electron/photon system which is self-sufficient. A T-junction configuration is used to 
achieve this; with an active InAs layer used for SPP amplification and a metal state used 
as a Schottky contact that produces population injection upon electron injection. A lattice 




simulated waveguide was surrounded by cladding layers of SiO2 to insulate the 
waveguide. This design could allow for strong waveguide confinement up to λ/10[42]. 
 
Resonance is another method that exists for the amplification of SPP. Resonant plasmon 
modes can be supported by small metal nanoparticles and can be excited by nearby laser 
sources[43][44]. When this occurs in close proximity to the SPP system under 
investigation; the electric field around the nanoparticle increases by up to 100 times its 
original value. Due to the enhancement of the electric field, the SPPs can propagate 
further along the material interface before fully decaying into the material[34][43]. 
 
The SPP at metal-dielectric interfaces can be enhanced through the use of organic dipoles 
that can be incorporated into the dielectric (R6G and other dyes etc.)[41]. While there are 
upper limits to the gain obtainable through this method, due to the fact that higher 
concentrations of the molecules reduce or limit the excited state population density, it 
does provide an easily executable method for the increase in metal SPP if external 
amplification is unavailable. Amplification can also be produced by the close coupling of 
metal and semiconductor nanowires[45]. The nanowires are coupled to form an X-shape. 
When excited; the photoluminescence propagates along the wire and then side-couples 
into the silver nanowire where it turns into a plasmon along the metal surface. The 
continuous exchange of the modes generated between the two allow for the SPP to 
continue with no losses and additionally produce resonant cavities allowing the device to 





Fig: 2.4.2: (a) A close-up view of the X-shaped coupled structure formed by coupling metal and semiconductor 
nanowires. The dashed line shows where the coupled hybrid cavity propagates. (b) An outline of the cavity formed in 
the X-shaped structure. Image obtained from X. Wu et al. [45] 
 
As shown, a wide range of methods are available for the external amplification of SPPs. 
There are some drawbacks to these; however. Amplification through lasing or similar 
methods require very high pump intensities; making them quite costly. Additionally, 
some of these structures have very specific designs, making it difficult to incorporate 
them for multiple uses. 
 
2.5    Applications of Plain Silver Nanowires and Trenches in Nanooptics 
The geometry and optical/optoelectronic properties of silver nanowires give them a 
variety of applications in imaging and sensing devices. Due to the air-metal interface; 
propagating surface plasmons can travel along the length of the nanowire or trench 
allowing them to form the basis of optoelectronic devices[46]. These devices allow for 
the generation of an optoelectronic signal which can travel much faster than conventional 






propagation lengths too short for full optoelectronic devices, the structure does allow for 
propagation to be observed in a variety of mediums, such as metallic stripes on a glass 
slide where, assuming the width of the stripe is four times that of the SPP wavelength, the 
propagation mode SPP value is very close to the actual mode which, for silver, allows for 
propagation down to 2.5 µm sized trenches, nanowires, and stripes[46][47]. 
 
Silver nanowires have been used to construct various logic gates, such as NOR, AND, 
and OR, through the use of micromanipulation[48][49]. Generally; the direction of the 
SPP will be along the length of the nanowire/ trench, assuming a suitable light 
source[48][49]. This involves setting up interference between two SPPs in the structure 
by setting the two excitation beams to be incident on different parts of the terminal. The 
nanowires are arranged into various different networks with different input terminals. As 
a result; the output value can vary between its maximum and minimum value, allowing a 
value of 0 or 1 for logic operations to be obtained. Similar work has been carried out 
which allows the nanowires to act as switches through the introduction of a single 
nanoparticle at the side of the nanowire. Using this nanoparticle as a resonator, the SPP 
can be directed between two different channels, allowing for the circuit to be in an ‘on’ 





Fig 2.5.1: The formation of  (a) basic and (b) complex logic circuits through the micromanipulation of silver nanowires. 
Images obtained from H. Wei et al[48][49]. 
 
 
By focusing on specific modes; silver nanowires have been used to act as Fabry-Perot 
style plasmon resonators[46][50][51]. By carefully preparing the nanowires chemically 
so that they have a well-defined crystal structure, nonradiating plasmon modes can be 
sustained at half of the wavelength of the input light. Then, by reaching a propagating 
length of at least 10 µm and an end face reflectivity of 25 % it has been shown by 
Ditlbacher et al. that the desired resonator behaviour can be obtained[46]. 
 
Plain metallic nanowires have also been incorporated into probe tips for various 
microscopic techniques such as AFM and fluorescence microscopy[52][53][54]. The tips 
in AFM can be used to generate small electrical currents which can induce 
electrochemical reactions in the sample. Most standard tips are too wide to generate 







the electric field, and making them unusable[46][54]. The introduction of metallic 
nanowires allows for a tip that can be used until the entire structure is worn and, as a 
result, the ability to maintain the electric field around the tip for the duration of its 
lifetime. Additionally, they can cause significantly less damage to the sample being 
studied through techniques such as AFM[46][54]. These nanowires can be readily 
electrodeposited onto the probe tip, where they can be used for sample inspection[46]. 
 
Metal nanowires/ cut structures therefore have a wide variety of applications in the field 
of nanooptics. However, the issue with the short SPP propagation time is still an issue, 
with the aforementioned amplification methods, such as lasing, needed to keep the SPPs 
propagating over long ranges. 
 
2.6     Nanocircuit Design 
A variety of methods exist for the creation of nanocircuits focused on optical or electronic 
applications. These include bottom-up assembly using deposition techniques or top-down 
techniques such as photolithography and contact printing as well as patterning into 
substrate layers. 
 
Methods such as electrodeposition can be used to form the nanocircuits from the bottom-
up[55]. Through the use of a metal coated film or coated probe tip; the desired metal, such 
as Ag, can be directly deposited onto the desired substrate through the application of a 
voltage bias between the material and the substrate[55][56]. The stamp in these cases is 
set up with the desired pattern in mind, while a scanning probe microscopy tip can be set 
on the desired trajectory to allow for the metal pattern to be made while the tip moves 





Another method includes the realisation of nanocircuit components through 
micromanipulation of tailored nanowires. Nanowires with rectangular cross sections with 
specific optical properties have proven capable, through both simulations and actual 
experimentation, of forming specific circuit elements[57]. As mentioned; plain silver 
nanowires have also been shown to be able to perform computational logic through SPP 
manipulation[58][59](see other section for ref.). Nanoantennas have also been realised 
that can carry out the functions of input loading and impedance at the feeding point[60]. 
Through the use of nanodipole behaviour through plasmonics RF designs can be realised 
in nano-optics circuits[60][61]. Capacitors, resistors, and inductors have also been 
realised on the nanoscale through the use of lumped circuits made up of nanoparticles 
with specific optical properties[61][62]. 
 
More direct methods involve the direct patterning of the desired circuit onto a substrate 
via lithography techniques. A variety of patterns can be milled through the use of focused 
ion-beam microscopy (FIB) which involves milling out the pattern using a beam of 
ions[63][64]. The technique allows for a variety of shapes and patterns to be loaded as a 
program into the system allowing for advanced design testing and production. Electron 
beam microscopy (EBL) can be used in a very similar way[65][66]. EBL is not only used 
for milling, but it can also be used to allow electrochemical reactions to occur in desired 
material layers, such as hexadecylthiolate, allowing them to act as a mask which will not 
be etched in an otherwise reactive solvent.  As a result; the desired regions can be left 
unetched and used to form metal contacts or to directly form nanowire sized 
structures[66]. Combining these basic structures can also produce nanofilters which carry 





As shown in the above section: there are a variety of methods available for the 
construction of circuits at the nanoscale. These circuits can be inspected through the use 
of microscopy techniques such as scanning tunnelling microscopy. These structures prove 
that nanoscale circuits that can carry out logical computations and other basic functions 
through the use of plasmons are already coming close to full scale implementation. 
 
2.7     Optoelectronic Enhancement through Antenna Incorporation 
Various antenna designs such as bowtie, semicircle, and horn have been incorporated into 
nanocircuit structures to improve the optical or electronic propagation in the 
structures[67]-[71]. Antenna structures have been used to not only improve the electric 
field propagation and confinement in structures; but they can also be used to cause 
resonance and various nonlinear responses to occur[72][73]. 
 
The shape of the bowtie antenna causes strong and confined near-field enhancement with 
strong scattering resonance behavior in the gap between the two triangles[74][75]. Their 
unique geometry allows them to behave the same as coupled plasmon resonant pairs while 
also exhibiting the electromagnetic properties of sharp metal tips[75]. Bowtie antennas 
allow for this large electric field enhancement due to the localized surface plasmon 
resonances in sharp tip geometries and the occurrence of electrodynamic coupling 
between the two arms of the antenna. This results in strong confinement of the applied 
field in the subwavelength gap. 
 
Tests of various bowtie antennas have shown they are able to significantly enhance the 




of magnitude[75][76] which can also allow for the development of single-photon sources 
with high emission rate at room temperature. Similarly, the photoluminescence of 
nanocrystals can be improved[77][78]. By carefully tailoring the geometry of the bowtie 
antenna, it can be set to provide absorption or excitation at particular frequencies or 
polarizations while the gap of the antenna can also be designed to optimize the coupling 
for the coupling of dipolar quantum emitters and higher order multipole transitions to be 
optimized[79]. Bowtie antennas can also be used for the enhancement of surface plasmon 
propagation in nanowires allowing for coupling and emission improvement and the 
realization of basic optical nanocircuits[80][81]. 
 
Fig 2.7.1: (a) The bowtie antenna schematic used to excite a silver nanowire, along with (b) the electric field distribution 
and (c) near-field optical image of the plasmon excitation. Image shown from Z. Fang et al[80] 
 
In addition; tests into the exact geometry of the bowtie antenna have highlighted the 
possibility of exciting the antenna at several different wavelengths by carefully tailoring 
the geometry in a similar manner.[82][83]. Both simulations and directly patterned bowtie 
structures have also proven capable of reducing the mismatch between the optical 
excitement source and the nanostructure that it is being coupled into resulting in near-
field optical light sources with strong intensity and high local contrast[675]. The 
enhancement in electric and optical fields by bowtie antennas can be high enough to 




technique can be utilized for fine patterning in photoresists and the imaging of nanometer 
length structures and a tool for nanoscale measurement of fields[74]. 
 
Arrays of bowtie antennas can also be arranged such as to further increase their local field 
excitation over a range of 250 nm. By altering the periodicity of these bowtie arrays it is 
possible to manipulate the optical response of the structures allowing for the production 
of nonlinear optical properties as well as more complex photoluminescence and second 
harmonic generation[79]. 
 
Bowtie antennas can be further tailored to perform wideband enhancement with a high 
impedance and stable radiation patterns[84]-[86]. The bowtie antenna can also be used 
for broadband applications on the micron scale. This technique involves the direct 
patching and gap coupling of additional patches to the micron bowtie antenna giving it 
strong bandwidth enhancement[87]-[89]. The micron sized bowtie antenna can also be 
used with microwave frequencies as a near-field optical probe with a transmission 
efficiency in the order of unity through the introduction of open terminals[89]. 
 
Similarly, the arc shape of the semicircle antenna can allow for broadband incorporation 
into slit devices and the redirection of the majority of input light into the trench or cavity 
with a large impedance bandwidth and broad side radiation[90]-[92]. The unique 
geometry of the semicircle antenna can be extended to both micron and nanoscale 
structures for the propagation enhancement of a wide variety of structures. 
 
The semicircle antenna structure has been used in ultrawideband applications due to the 




at the antenna which also allows for high frequency performance and a wide 
bandwidth[93][94]. Furthermore; the addition of semicircle or U-shaped antennas allows 
for the creation of a dual frequency antenna with high impendence and a wide broad side 
radiation pattern. The resonance frequency of this device could be shifted by altering the 
width of the structure. Through alterations to the device structure, the semicircle antenna 
can be further tuned to form an ultrawideband device with a much wider bandwidth and 
specifically tailored band rejection regions[95]. 
 
Various other antennas can be used to provide similar results. Similar to bowtie antennas; 
slot antennas can be designed to become resonant at certain optical frequencies. The 
resulting strong field enhancement in the gap results in white-light supercontinuum 
production[96]. Their strong gap enhancement can be again tailored to work at a variety 
of different wavelengths extending into the microwave region[97].  Horn antennas, 
another possible structure, can be used for the measurement of optical properties in the 
microwave region as well as investigations involving pulsed waves and in substrate 
integrated waveguides[98]. 
 
The ability of antenna structures to greatly enhance the optoelectronic properties for a 
variety of structures allowing for the development of high output nanostructures with 
lower loss and for the realization of novel methods of viewing objects on the nanoscale 
without the need for costly lasing systems. Their ability to work over a wide wavelength 
range makes them easy to incorporate into a wide variety of structures. 
 




Heterogeneous materials show potential benefits over plain metal structures due to the 
interactions between the various material layers. When SPPs are generated in a 
heterogeneous material; hybrid plasmonic modes can be generated through the 
interactions of the electrons with the different layers. Due to the interplay between the 
different materials in the heterogeneous structure; some optical/electronic properties can 
be altered or enhanced. As a result, SPPs can propagate for much longer distances without 
the addition of external amplification setups. These hybrid modes can also allow for 
increased performance of devices in sensing and probe techniques among others. 
 
Heterogeneous structures of PbS-Au materials have proved capable of providing strong 
surface and plasmon propagation enhancement[99].  These nanoparticles can readily be 
formed chemically through solution heating in a vacuum or nitrogen atmosphere. The 
thickness of the PbS nanoparticles can be controlled by varying the temperature of the 
reaction or the amount of reactants[99][100]. In addition the small size distribution of the 
as-synthesised nanoparticles allows them to self-assemble with ease[99]. 
 
The Au-PbS nanostructures have been proven able to alter the nonlinear response time of 
PbS nanoparticles due the inducement of electron-photon and photon-photon interactions 
by the presence of the Au. Surface plasmon resonance at the Au interface was also found 
to produce strong optical field for a 10 nm distance in the structure which can occur at 
distances far from the excitation spot[100]. This can occur as the heterogeneous structure 
allows for a coupling transition dipole in the PbS shell. The heterogeneous structure also 
produces strong p-type doping due to the interactions between nanoparticles. This, 
coupled with the nanoparticle’s tendency to self-assemble allows the nanoparticles to 





Au nanoparticles coated with a variety of other materials such as ZnS and CdS also have 
unique optical and electrical properties through similar wet chemical methods[101]. The 
ZnS coated nanoparticles can have their peak plasmon longitudinal mode tweaked by 
altering the amount of Ag+ salts in the reaction. The nanoparticles coated with CdS 
nanoparticles also show increased gas sensing response enhancement and sensitivity 
enhancement over plain CdS varieties[101]. 
 
Recently new heterogeneous nanoparticles incorporating a silica shell between an inner 
luminescent nanoparticle and an outer Au nanoparticle plasmonic layer have been 
developed which allow for high luminescence while still being biocompatible[102]. 
Despite some quenching from the absorption and scattering of the Au nanoparticles, the 
core-shell structures still performed well as SERS substrates and could be used with a 
variety of different probe materials. Suitable SERS substrates have also been developed 
by coating Au nanoparticles with Cucurbit[n]urils (Cb[n]); a barrel shaped macrocylic 
host molecule that can easily bind to Au surfaces[103]. Due to the barrel shape of the 
Cb[n] nanoparticles; there is always a controlled distance between it and the inner Au 
core, which allows for the production of distinct plasmon modes that allow the 
heterogeneous structure to act as a SERS substrate[103]. 
 
Heterogeneous nanostructures have already been developed that improve the waveguide 
propagation when used in place of plain metal strips. Conjugated polymer 
heterostructures on SiO2-Si substrates have proven capable of achieving internal gains of 




the negative photoresist SU8; allowing for their possible use in ultra-short optical pulse 
applications or edge-emitting lasers[104]. 
 
Heterogeneous structures of Ag-Al2O3-CdSe nanobelts have been simulated which 
highlight the strong waveguide SPP amplification obtainable through heterostructure use. 
The material was setup to be illuminated at 10 MHz frequency and a 72 picosecond pulse 
width using a pump and probe optical setup with edge illumination at the 
heterojuncture[105]. It was found that the heterogeneous structure produced hybrid 
plasmonic modes due to the interactions between the different materials. In addition hot 
electron transfer was found to occur across the Al2O3-CdSe interface[105]. Due to these 
interactions fast optical gain was seen to occur at various pump intensities with a linear 
response[105]. 
 
Fig 2.8.1: (a) The schematic of the CdSe-Al2O3-Ag nanostructure and (b) an SEM image of the CdSe nanowire 
deposited onto the substrate. Image obtained from N. Liu et al[105] 
 
A variety of metal-insulator-metal (MIM) and insulator-metal-insulator-metal (IMIM) 
structures have been developed for a wide range of applications[106]-[111]. The 
insulating layer allows for the confinement of the propagating surface plasmons; which 
can be further enhanced with a top layer of insulator instead of air. This allows for optical 




the device use the flow of electrons between the two metal layers as an energy source for 
the device[106]. Varying the insulating layer in insulator-metal-insulator-metal devices 
can also alter the optical absorption spectrum of the device; tailoring it for specific 
wavelength applications[106]. 
 
Primarily MIMs devices are used as efficient capacitors[107][108][109]. Their unique 
structure allows for devices with high conductive electrodes and low parasitic 
capacitance. These can also allow for low frequency dispersion when combined with 
other materials for thin film material capacitors. Furthermore, through the use of atomic 
layer deposition (ALD) these MIMs can be directly deposited into nanopores allow the 
capacitance to be further boosted allowing for uniformity and high packing of the 
devices[109]. MIM devices can also be used for negative refraction index applications 
due to the propagation and counterbending of Airy Plasmons[110]. This phenomenon 
holds the possibility of allowing for directive antennas and optical interconnectors to be 
developed. The structure can further be used to form chemiresistor sensors whose 







Fig 2.8.2: SEM images of the MIMs devices directly deposited into nanopores highlighting the tight packing achievable 
by these structures. Image obtained from P. Banerjee et al.[109] 
 
Raman enhancement can also be obtained through the synthesis of core-shell 
nanoparticles. Structures of NaYF4:YB3+,ER3+ nanoparticles coated with Ag showed 
significant Raman enhancement over the plain nanoparticles themselves at a 7 time 
increase, along with a 25.5 time luminescence enhancement with the addition of sodium 
yttrium fluoride (NaYF4) between the two materials[112]. The strong increase in the 
luminescence was thought to be due to the addition of the phosphor layer which provides 
suitable space between the materials to reduce quenching and covers the emitters with a 
suitable epitaxial layer[112]. Raman enhancement can also be obtained by coating Ag 
film-over-nanosphere (AgFON) surfaces with layers of Ag and aluminium oxide (Al2O3). 
The characteristic Raman peaks of the heteromaterial was found to increase for thinner 
layers of the aluminium oxide allowing for the control of the Raman peak response[113]. 
 
Photocatalysts made of semiconductor and metal layers have proven capable of 




of water on these photocatalysts; selective enhancement of an electromagnetic source can 
be achieved through the reactions taking place at the interface between the water and the 
semiconductor materials. Furthermore; the photocurrent enhancement can be altered by 
changing the distance between the metal and semiconductor materials until the optimum 
interface distance between the two is obtained. Altering the dimensions of the 
photocatalyst can change the resonant wavelength allowing the wavelength of the solar 
cell to be tailored to the desired value[114]. 
 
Nanolasers based on heterogeneous SPP have been developed which would be useful in 
optoelectronic circuits[115][116][117]. Some of these lasers are based on total internal 
reflection[115]. Using a heterogeneous waveguide structure of CdS-MgF2-Ag strong 
feedback can be obtained through the reflection of the surface plasmons at the cavity 
boundaries[116]. The gap between the CdS and Ag layers allows for the confinement of 
the TM modes which provides the feedback. High Q values can therefore be obtained due 
to this strong feedback. Higher pump intensities can also produce multiple cavity modes 
which have much stronger coherence than the observed spontaneous emission in the 
device. Similar results can be obtained by replacing the CdS layer with a single nanowire. 
In addition, the laser can maintain the strong SPP confinement and optical mode-gain 





Fig 2.8.3: The heterogeneous waveguide laser structure for strong feedback. Image obtained from R. F. Oulton et 
al[116] 
 
Small heterogeneous nanoparticles have also been designed which can act as the basis of 
spaser based lasers[118]. Au nanoparticles coated with a silica shell containing the 
Oregon Green dye can be used for this purpose. The Au nanoparticle allows for the 
generation of surface plasmons. The dye used allows for the gain of the SPP. While the 
small nanoparticles can result in strong absorption; the dye molecules allow for the 
compensation of this through gain resulting in Q-factors of around 14[118]. 
 
Due to the amount of superior performing heterogeneous structures; it is clear that they 
are much preferable to metal-dielectric structures alone and have a much wider variety of 
applications. Yet there are still a wide range of heterogeneous materials yet to be formed 
that could be incorporated into nanocircuits or probe tips through micromanipulation 
alone. A heterogeneous nanowire would allow such a structure to be formed. In addition, 
the optimisation of heterogeneous nanocircuit design through both materials and 
patterning has yet to be optimised. 
 
 
2.9     The Growth of Silica Nanoparticles and Outer Shells 
The growth of silica shells is one of the most straightforward ways to coat nanoparticles 
with an insulating shell. The thickness can easily be controlled through the use of wet 
chemical methods allowing for a suitable thickness to be readily formed. 
 
One of the best procedures for growing silica is the well documented Stӧber method, 




experiments involved adding tetraesters of silicic acid to ammonia/ ammonium 
hydroxide, alcohol, and water mixtures. The addition of the ammonia controlled the 
morphology of the particles, while the water concentration strongly effected the reaction 
rate. In addition the alcohol used was found to effect the reaction rate and particle size, 
with methanol producing the fastest reaction time with the smallest nanoparticles and n-
butanol resulting in the slowest reaction time and the largest nanoparticle size[119].  By 
altering the reaction parameters, ultrathin layers of silica can be readily grown around 
metal/semiconductor nanoparticles or nanowires; readily producing a thin insulating 
layer[120][121][122][123]. The Stӧber method has been extended further to allow for the 
synthesis of Resorcinol-Formaldehyde spheres through the polymerisation of resorcinol 
and formaldehyde in a mixture of alcohol and aqueous ammonia[123]. 
 
Fig 2.9.1: The ability of the Stöber method to coat (a) silver nanowires as shown in Y. Yin et al[120] and (b) gold 
nanoparticles. Image obtained from Liu et al[123] 
 
When coating nanowires the Stӧber method is refined to allow for the base-catalyzed 
hydrolysis of tetraethylorthosilicate followed by the condensation of the produced silica 
onto the surfaces of silver cores[124]. Here ammonia is used as a catalyst to increase the 
rate of silica deposition. The resulting silica layer produced is quite uniform and preserves 





silica layer increases linearly for the first 30 minutes before saturating after 45 
minutes[124]. Generally, increasing the amount of tetraethylorthosilicate also allows for 
thicker layers to be grown. In addition to allowing for the coating of silver nanowires with 
silica, the experiment also proved that by placing ultrathin nanowires post coating in high 
pH 10.5-11 solutions, the silver can be etched away completely after 1 day. This lets silica 
nanotubes with the nanowire dimensions to be obtained[124]. 
 
Other ways exist to coat nanoparticles or nanowires, which allow for more general coating 
when the nanoparticles cannot suitably work with the basic Stӧber method[125][126]. 
One such method involves initially functionalising the nanoparticle surface with 
poly(vinyl pyrrolidone) (PVP), which allows colloidal nanoparticles to remain stable 
during the silica growth step[125]. These functionalised nanoparticles would then be 
added to solutions of ammonia in ethanol, followed by tetraethylorthosilicate in ethanol 
allowing a stable layer of silica to grow around the nanoparticles. Assuming a suitable 
concentration of PVP was used, a silica shell of controllable thickness can be grown 
around nanoparticles of various materials and dimensions[125]. Similarly; silver 
nanoparticles have been successfully coated with silica shells through the use of different 
amines as opposed to Ammonia, with dimethylamine proving the most effective for the 
formation of smooth silica layers with varying thicknesses which do not require prior 
surface modification of the nanoparticles[126]. 
 
The silica spheres themselves have been used as cores in various heterogeneous core-
shell nanoparticles, with various outer layers such as silver or gold[127]. These 




substrates, and can also be incorporated into nanolasers devices, or in biological 
detection[127][128]. 
 
Silica therefore is readily synthesisable, and has a variety of applications in heterogeneous 
materials. 
 
2.10     Heteroaggregation 
Heteroaggregation is the attachment of dis-similar particles in solution. It has previously 
been used to coat structures such as polymer microbeads with outer layers of metal or 
semiconductor nanoparticles[129]-[135]. Studies undertaken have indicated that that the 
particles absorbed onto the surface show a preference for lateral attachment onto the 
surface over clustering[130]. These studies have also indicated that the attachment can 
take place at lower energies in comparison to the conditions seen for bulk 
aggregation[130]. 
 
Semiconductor material nanoparticles have been attached to spherical nanoparticles of 
various materials through the use of heteroaggregation. Latex spheres have been coated 
with CdTe nanoparticles by coating the spheres with a positively charged 
monolayer[129]. By making solutions of water-ethanol containing these spheres with 
negatively charged CdTe nanoparticles; a uniform layer could be coated around the latex 
through the interaction between the charges on the surface with those of the ligands on 
the nanoparticles. These semiconductor shells could have their thicknesses altered by 





Fig 2.10.1: The heteroaggregation process used to coat Latex spheres with CdTe nanoparticles. The surface of the 
spheres was first functionalized to promote nanoparticle attachment before being placed into the CdTe solution. Image 
obtained from I. L. Radtchenko et al[129]. 
 
This heteroaggregation could also be carried out in purely aqueous solutions by regulating 
the precipitation of the nanoparticles on the sphere’s surface through aggregation induced 
by a pH buffer. Similarly; metal core Au nanoparticles have been coated with CdS 
nanoparticles along with the fabrication of Au-CdS-CdSe core-shell structures[130]. This 
can be achieved through the use of a Lewis acid-base reaction mechanism that keeps the 
nanostructure spatially confined by an amorphous matrix[130]. This allows the lattice 
structure of the shell layers to grow completely independently to that of the metal 
core[130]. 
 
Heteroaggregation of metal Ag nanocubes with large ZnO nanorods has also been 
achieved through the use of seed mediated methods[136]. Due to the lattice structure of 
the ZnO matching that of the {1,1,1} plane of the Ag nanoparticles; the nanorods can 




attached. In addition; the interaction between the Zn layers, applied to the nanocube, with 
the Ag core facilitates the growth of the ZnO from the metal surface[136]. 
 
As shown; heteroaggregation is a straightforward method to coat nanoparticles with dis-
similar materials. Generally; however, heteroaggregation has only been investigated in 
aqueous solutions rather than charge neutral ones such as Toluene. The coating of 
cylindrical nanowires with an outer shell of nanoparticles and nanorods has also remained 
relatively untested up until this point. 
 
 
2.11    Semiconductor Nanoparticle Synthesis 
A variety of methods exist for the wet chemical synthesis of semiconductor nanoparticles 
such as cadmium selenide (CdSe) and cadmium sulphide (CdS). Through the use of 
different reactants the nanoparticles can also be tailor made to be soluble in a range of 
solvents such as toluene, alcohols, or water. Two of the most widely used techniques 
involve hot injection of reactants, and aqueous stock reactions. 
 
The most common method for the synthesis of toluene soluble CdSe nanoparticles 
involves the hot injection method which has been extensively reported[137][138]. The 
ligands used can be tailored to change the length, width, or shape to that most suited for 
the nanoparticle’s purpose. The hot injection method also allows for the synthesis of CdS, 
CdTe, and other cadmium based semiconductor nanoparticles through the use of different 
reactants and different injection temperatures[139][140][141]. The nanoparticles formed 





Semiconductor nanoparticles can also be formed in aqueous solutions. This allows the 
nanoparticles to be used in applications which require an aqueous reaction solution or a 
stronger charge such as an electrodeposition or charge regulated heteroaggregation 
techniques. Generally, these methods involve the use of ultrasound and biological 
materials[142][143][144][145]. One of the most successful types are amino acids 
containing a sulfhydryl functional group such as cysteine. Work carried out by Park et al. 
found that for the successful synthesis of aqueous CdSe the capping molecules should 
have at least one functional group with strong nucleophilicity along with another free 
charged functional group[142]. In addition; they found that molecules with a more 
compact spatial geometry resulted in much more stable CdSe nanoparticles[142]. 
Nanoparticles synthesised using aqueous routes such as these were found to have very 
similar absorption spectra to those of toluene capped nanoparticles[142][144]. 
 
Other methods which exist for the synthesis of cadmium based semiconductor 
nanoparticles involve the mixing of gaseous precursors with cadmium solutions in a N2 
atmosphere to form CdSe or CdS nanoparticles through reflux[145][146]. For methods 
such as these, the flow rate of the gaseous precursors can affect the overall intensity of 
the nanoparticle’s fluorescence with higher flow rates resulting in higher quality 
nanoparticles[145]. Methods that involve gas flow for the nanoparticle synthesis are 
generally used when low toxicity is desired. While they still require the use of a 
fumehood; the reactants used are much less carcinogenic[145][146]. 
 
A variety of synthesis methods exit for the synthesis of semiconductor nanoparticles. As 
a result; they can be synthesised with the desired properties in terms of solubility, shape, 





2.12     Au Nanoparticle Synthesis 
Au nanoparticles are one of the easiest metal nanoparticles to synthesise. They can be 
made through a variety of wet chemical methods allowing for the control of a variety of 
their properties such as solubility, size, charge, dispersity, and absorption peaks. A 
selection of these methods will be highlighted in this section. While a variety of methods 
also exist for the synthesis of Ag nanoparticles; Ag nanoparticles tend to have a much 
higher associated charge making them less suited for experiments that require a charge 
neutral metal nanoparticle[149][150]. Au nanoparticles are therefore more readily 
tailorable to the specific experiment being carried out. 
 
Reflux based methods allow for the size controlled synthesis of monodisperse Au 
nanoparticles in toluene.[151] The reaction uses the cooling of the boiling solution 
through the reflux tube continuously flushed with cold tap water to mix the reactants at a 
steady pace instead of magnetic stirring which allows the synthesis to occur at a slower 
and more controllable pace. The size of the nanoparticles can be changed by altering the 
amount of reactant, and the reaction is not air sensitive.[151] In the absence of a reflux 
device, the same reactants can be used to form 10 nm size nanoparticles through magnetic 
stirring in a conical flask with almost identical nanoparticle properties. These methods 
allow for the synthesis of near neutral charge, toluene soluble Au nanoparticles. 
 
The reduction of salts is a very straightforward way of making aqueous Au nanoparticles. 
By heating an Au precursor and adding a solution of salt such as sodium citrate or sodium 
borohydrate Au nanoparticles are produced due the reduction of the salt 




monodisperse while left in the aqueous solution. The exact size of the nanoparticles 
depends on a variety of factors; such as pH and temperature of the reaction, along with 
salt concentration[152][153]. If a seed growth method is used the ratio of Au precursor 
to seed concentration can also be a major factor[152]. Depending on the reducing agent 
used; the exact size of the nanoparticles can be obtained within a very narrow size 
distribution[152][153]. 
 
Au nanoparticles can also be formed in many different shapes through the use of specific 
reactants[156][157][158]. Tiny Au nanorods 1-2 µm in length and 50-100 nm thick can 
be formed using acidic growth solutions. These solutions allow for seed nanoparticles to 
be further grown into the nanorod shape by using a structural directing agent to allow the 
continuous reduction of Au precursors to increase the seed nanoparticle sizes in only the 
desired direction[156]. Similarly, by controlling the reactants different shapes such as 
cubes and prisms can be formed. Further by coating silver nanocubes with gold and 
reducing the silver back into solution or through Galvanic replacement; au nanoboxes can 
be formed which are stable while having completely hollow interiors[157]. These shapes 
all have distinct optical and electric properties making them useful in a wider range of 
applications[158]. 
 
Au nanoparticles are therefore quite straightforward to synthesise and have a variety of 
applications in terms of optical absorption, Raman scattering, and/or electrodeposition 







2.13     Ligand Effects on Nanoparticles 
The outer ligands used in nanoparticle formation can have various effects on their 
electrical, chemical, and optical properties; such as altering their luminescent properties. 
As a result, the aging or dilution of nanoparticles can alter their unique properties in 
various ways; while exchanging the ligands with another can change their solubility as 
well as increasing or decreasing properties such as photoluminescence[162]-[171]. 
 
One of the main materials under consideration here is CdSe, and the effect that ligands 
have on its different properties. Surface exchange reactions have been carried out, for 
CdSe nanoparticles, for various ligands such as thiols, amines, pyridines, and various 
phosphine oxides[162][163]. Kalyuzhny et al[162] carried out a systematic investigation 
into the effects of ligand exchange on the photoluminescence by diluting the purified 
nanoparticles of CdSe (initially capped with TOPO/TOPSe), to prevent any changes to 
the ligands during purification, and adding an excess of the desired ligand. A comparison 
was then made between the photoluminescence and UV spectra both before and after the 
addition of the ligands. Ligands such as the metal ammine complexes and certain pyridine 
ligands were found to increase the photoluminescence; while other pyridines such as 4-
dimethylaminopyridine (DMAP) caused reduction or, in the case of 4-HOPy, 
dissolution[164]. The decrease was also seen for hexadecanethiol (HDT) and thiophenol 
(PhSH) thiols. Further addition of the initial ligands present, i.e. trioctylphosphine (TOP), 
tri-n-Octylphosphine (TOPO), and trioctylphosphine selenide (TOPSe). TOP and TOPO 
were found to contribute to photoluminescence increases, while TOPSe caused a sharp 
decrease in the PL. When trap emission was also investigated, TOPSe was also found to 
increase the trap emission intensity while leading to a decrease the band edge PL along 




states being resistive to exchange with these ligands, with the exchange being carried out 
at other spots[164]. These exchanges would lead to pathways being opened which would 
result in nonradiative relaxations, and the decrease in PL[164]. 
 
Similar work was carried out for the exchange of TOPO capped nanoparticles with 
tributyl amine ligands by Tam et al[163]. Once the ligand exchange was completed, the 
nanoparticles were found to have shrunk slightly by 2 nm. The absorption edge of the 
UV-visible spectrum was also found to have shifted from 597 nm to 588 nm, and the 
emission peak of the PL increased from 1.93 eV to 1.96 eV[163]. These were attributed 
to the quantum confinement effect due to the decrease in the nanoparticles’ size. 
Reduction in the size of the nanoparticles was attributed to the loss of Cd and Se atoms 
present on the surface during the exchange. The ligand exchange was also believed to 
enhance the surface passivation. Based on the changes to the optical properties of the 
nanoparticles, it was expected that the charge carrier separation at the surface would 
improve[165]. 
 
Metallic nanoparticles, such as Au or Ag, also have their ligands exchanged in a similar 
manner. Typically Au nanoparticles have their ligands exchanged to make them stable 
over a wide pH range, and with high ion concentrations; something which is very 
desirable for their applications in the biological and medicinal fields[166]. In these 
situations, thiol terminated ligands are used, as they prevent the aggregation of the 
nanoparticles by promoting interparticle steric hindrance when in buffer 
solutions[167][168]. Mei et al carried out an investigation into the effects of ligands on 
the stability of nanoparticles in the presence of excess salts and their resistance to 




PEG-based ligands that were either appended with a thiol or disulphide group. High 
concentrations of the ligands were used to ensure that the surface of the initially-citrate-
capped nanoparticles were saturated with the new type. The nanoparticles were found to 
be more stable when subjected to dithiothreitol (DTT) competition, a particle used to 
break disulphide chains and displace thiol ligands, and additional sodium chloride (NaCl), 
to increase the ion concentration, the thiol ligand was found to be much more stable, with 
the disulphide ligands beginning aggregation after 90 mins[164]. 
 
Research has also found that the properties of the capping molecules also affects the 
nanoparticle’s stability during freeze-thaw cycles and lyophilisation by Alkilany et 
al[166]. Gold nanoparticles coated with weakly bound ligands, such as citrate, aggregate 
irreversibly during lyophilisation. In contrast, strongly bound capping molecules prevent 
the aggregation during both lyophilisation and freeze-thaw cycling. Mercaptacetic acid 
capped nanoparticles held the stability whether or not certain cryoprotectants were 
present, due to the extremely strong attachment to the nanoparticle surface. In addition, 
further research carried out has indicated that the interaction between the ligand and its 
reactant is the main factor that determines stereoselectivity, while the activity of the 
nanoparticle is more closely related to its size alone[166]. 
 
The external ligand on a nanoparticle, therefore, has a significant impact on the properties 
of the synthesised nanoparticle. Aside from regulating the nanoparticle’s dimensions, it 






2.14     Nanoparticle Incorporation into Optical and Electronic Devices 
and Sensing Methods 
Nanoparticles have been widely incorporated into a variety of optical and electronic 
devices for a variety of applications from sensing, to light production, and heterostructure 
formation. This section will give an overview of some of the more well-known uses. 
 
Nanoparticle layers have also been incorporated to form quantum dot light emitting 
diodes (LED). These LEDs typically have heterogeneous structures to allow for carrier 
injection layers that improve the performance of the device, by altering the rate of electron 
and hole generating in the nanoparticle layer, which is responsible for lasing. When the 
flow of electrons and holes through the QDs is optimised, by application of the turn-on 
voltage, the QDs will emit a light with wavelength matching the fluorescence of the QDs. 
One of the most common types developed are red LEDs due to the ease of bandgap 
matching for the design of the structure and high luminescence from the QDs while blue 




The main factor thought to effect the peak external quantum efficiency (EQE) of quantum 
dot LEDs is believed to be the photoluminescence efficiency of the quantum dots used in 
the structure. Another major factor is the choice of the organic charge transport layers 
that surround these quantum dots in the centre of the structure[173][174][175][176]. 
Typically, in a standard quantum dot LED, electrons are injected from the cathode into 
the electron transport layer, while holes are injected from the anode into the hole transport 




main contributor to the narrow electroluminescence of these types of LED. The two main 
factors affecting the electroluminescence are exciton formation in the organic films which 
is followed by nonradiative resonant exciton energy transfer to the quantum dots, and 
direct carrier injection into the quantum dots which is followed by exciton formation and 
recombination which produces saturated quantum dot emission. In work carried out by 
Anikeeva et al[173]; quantum dots with the highest PL quantum yield were chosen for 
LEDs for each region of the spectrum. These nanoparticles ranged from zinc cadmium 
sulphide/ zinc sulphide (ZnCdS/ ZnS) to cadmium zinc selenide (CdZnSe). When the 
samples were tested using TPD as the electron transmission layer (ETL) and hole 
transmission layer (HTL), red and orange LEDs performed well due to spectral overlap, 
while the others overlapped poorly reducing the rate of energy transfer. 
 
QD LEDs have also been developed with luminescence and efficiencies comparable to 
standard LED devices[175]-[180]. These methods require QDs with a high peak 
fluorescence and device layers tailored for a high rate of charge injection[150]. In work 
carried out by Mashford et al[177] this was achieved by optimising the distance of the 
electroluminescence recombination zone in the QD film from that of the ETL ZnO 
interface with the QDs. This was found to help prevent luminescence quenching from 
contact between the QDs and the ZnO nanoparticles[137]. Work by Coe et al highlighted 
a different method to achieve high efficiency QD LEDs through the use of a single QD 
monolayer[176]. The use of a single layer prevents charge imbalance, as the QDs are only 
being used for luminescence instead of as an electron transport layer at the same 
time[176]. Other methods involve the cross-linking of the QD layer to reduce the charge 






Metal nanoparticles have also been used as optical sensors. Silver nanoparticles have been 
used to sense the assembly of self-assembled monolayers through the shift which occurs 
in the localised surface plasmon resonance of the Ag as the monolayer forms. This, in 
turn, highlights the ability of silver nanoparticles to work as real-time biosensing 
platforms [181]. Gold nanorods have similarly proven capable of measuring mercury due 
to shifts in the scattering spectra of the nanorods as the formation of Hg-Au amalgams 
resulted in shifts to both geometry and composition with detection capable for 
concentrations as low as 10 nM of Hg(II)[182]. This has further been extended to the 
observation of the non-resonant Raman spectroscopy of ZnO nanowires through the 
selective excitation of surface plasmon optical modes on Au nanorod surfaces as 
mentioned previously[24]. 
 
Both metal and dielectric nanoparticles have also been used to improve optical absorption 
in photovoltaic devices. When deposited onto photocells stripped of their antireflection 
coatings and metallic contacts; 100-150 nm diameter gold and silica nanoparticles were 
able to increase the output current by up to 8.8 % and 2.8 % respectively. This would 
prove useful for thin film absorbers and detectors as well as low-index photovoltaics[183] 
Metal nanoparticles have further increased the optical absorption of semiconductor 
nanoparticles through surface plasmon excitation. These can allow for enhancements in 
photodiodes of up to 50-80 % for the photocurrent response relative to Si pn junctions 
themselves; with the possibility for further enhancement at greater nanoparticle densities 





Titanium nanoparticles have been used to further enhance the opto-electronic 
characteristics of nemac liquid-crystal devices. By increasing the concentration of 
Titanium nanoparticles in the device; the threshold voltage and prelit angle of the device 
could be lowered, and the response time increased[185]. Nanoparticle incorporation can 
similarly be used to increase the optical and electronic properties of these devices by 
altering their alignment; which has the additional benefit of making their formation at low 
temperatures easier[186]. 
 
Metal nanoparticles have further been incorporated into electronic devices such as 
switches. Gold nanoparticles attached to electrode surfaces can be used to control electron 
transport through charge injection into attached redox-molecules forming basic 
switches[187]. Similarly basic electronic devices have been formed by attaching a layer 
of bacteria to gold nanoparticle layers. The bacteria are capable of altering the electronic 
properties of the nanoparticles by altering the electron-tunnelling barrier through 
humidity changes[188]. 
 
Gold nanoparticle monolayers can also be used for voltammetric and spectroscopic 
techniques through their incorporation into liquid-liquid interfaces. The inclusion of the 
film of gold nanoparticles can act as a system to probe catalytic reactions: The film allows 
for the formation of a conductive pathway that allows electron transfer from a lipophilic 
electron donor to a hydrophilic electron receptor[189].  Gold nanoparticles can also be 
used for metal ion colorimetric sensing. Through the incorporation of a suitable chelating 
agent; the nanoparticles become aggregated in the presence of an analyte ion. This can be 





Nanoparticles have therefore been incorporated into a variety of optical and electronic 
devices: Both to enhance the properties of existing devices such as photocells; and in 
order to carry out spectroscopic measurements on nanostructures and molecules. Their 
applications in these areas through their surface plasmons make them highly desirable for 
use in the design of nanooptics structures; while their unique electronic properties and 
versatility give them a wide range of uses in electronic devices. 
 
2.15     Motivation for this Work 
There are still a variety of heterogeneous structures that have not yet been or optimised 
that could be of further use for nano-optic or nano-electronic devices. Core-shell 
heterogeneous nanowires could allow for the formation of nanocircuits via 
micromanipulation that benefit from the enhanced SPP from the structure. In addition the 
effects of heteroaggregation in non-polar solutions and their ability to form these 
structures has, up until this point, remained unstudied. The methods to increase 
waveguide propagation in trench structures and the advantages gained by coupling it with 
heterogeneous materials have also not been optimised. This will be investigated both 
through the formation of new heterogeneous nanostructures and the incorporation of 
different antenna geometries into heterogeneous substrates to improve output further. 
 
Studying these areas will allow for an increased understanding on the development and 
optimisation of heterogeneous materials in nanooptics and nanoplasmonics which are the 
main areas of focus in this thesis. This includes the synthesis of core-shell nanowires 
through the use of heteroaggregation in non-polar solutions, the formation of new 
heterogeneous substrates that can be used for the direct patterning of nanocircuit 




through antenna incorporation into their design. These structures could then form the 
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3.1     Introduction 
This chapter outlines the experimental methods used for the synthesis/ production of the 
materials used to form these heterogeneous nanostructures along with the required 
apparatus in each case. This chapter also includes an explanation of the microscopic and 
spectroscopic techniques used to inspect the samples; along with the optical setups used 
to measure their optical characteristics. 
 
3.2     Nanoparticle/ Nanowire Synthesis 
In order to form the heterogeneous nanowires and the QD LED, a variety of nanoparticles 
needed to be synthesised. These procedures had to be chosen to ensure the proper size, 
shape, and optical properties are obtained. This section covers the synthesis procedures 
used to form the nanoparticles used in the different experiments. 
 
3.2.1     Cadmium Selenide Nanoparticle Synthesis for the Main Semiconductor 
Material 
For this work; Cadmium Selenide (CdSe) was used as the semiconductor material in the 
heterogeneous structures, and for the theoretical simulation experiments carried out. The 




be made easily soluble in a variety of solutions such as toluene and water through ion-
exchange[3]. The nanoparticles have very well defined Raman bands and fluorescence 
peaks which can be inspected with standard green or red lasers, and have already been 
incorporated into various red LED structures[4][5]. Semiconductor quantum dots such as 
these can also offer better performance over dyes[6]. 
 
In order to form 24 nm x 11 nm, or 15 nm x 9 nm CdSe nanoparticles, the following well 
documented literature method was used: For the 24 nm x 11 nm size, 0.2 g of CdO was 
dissolved in 0.71 g tetradecylphosphonic acid, 0.20 g n-hexylphosphonic acid (HPA) 
(0.16 g HPA for 15 nm size) and 3 g tri-n-octylphosphine oxide (TOPO) in a 25 ml 3 
neck flask. This mixture was heated to 120˚C in Argon and degassed for 60 minutes at a 
pressure of 0-300 mTorr. The solution was then heated up to 300˚C in Argon to get an 
optically clear solution. 1.5 g of TOP was then added and the temperature was raised to 
310˚C. 500 µl-1 ml of Se/TOP solution was then injected in, and the solution was left for 
5-10 minutes. The growth was then halted by removing the heating mantle at 80˚C. 2-4 
ml of Toluene was then injected into the mixture to completely stop the reaction. The 
synthesis route was mostly the same for the 15 nm x 9 nm CdSe nanoparticles, with the 
exception that 0.16 g of HPA was used in the initial mixture, and 750 μl of Se/TOP was 






Fig: 3.2.1.1:  TEM images of the synthesised CdSe nanoparticles of sizes (a) 24 nm x 11 nm and (b) 6 nm x 6nm). 
 
To synthesise the smallest nanocrystals, 0.209 g Cadmium Oxide, 1.89 ml Oleic acid, and 
3.85 ml Squalene were placed in a three neck flask under magnetic stirring. The solution 
was heated to 120 ˚C and degassed. Following this, the reaction was left for one hour. 
The temperature was then heated to 285˚C and, once this temperature was reached, 500 
μl Se/ TOP was injected in. The reaction was left for 5 minutes, then cooled by removing 
the heating mantle. Images of the synthesised nanoparticles are shown in fig. 3.2.1.1. 
 
3.2.2     Ag and Au Nanowires and Nanoparticles 
Ag was chosen as the material for the metal core nanowire as it is simpler to form larger 
nanowires a few 100 nm thick and um long. Au nanowires are typically much thinner and 
shorter, which would not be of benefit for this work, and have much more complex 
synthesis methods[7]. Ag nanowires, on the other hand, can be synthesised much more 
readily using ethelyne glycol and Poly(vinyl pyrrolidone) (PVP)[8]. Au nanoparticles 
were used instead for the shell of the metal-insulator-metal core shell nanowires as they 





the CdSe nanoparticles making their structure comparable as well as allowing them to be 
readily dispersed in Toluene solutions. Ag nanoparticles typically also have a stronger 
associated charge and do not disperse into the neutral Toluene solution making them 
unsuitable for the work under investigation here[9][10]. 
 
In order to synthesise 19 nm Au nanoparticles, a mixture of 2.48 ml Oleylamine and 49 
ml Toluene was placed in a three neck flask. This was heated up to 110 ˚C under reflux. 
While the mixture was heating, 20 mg of HAuCl4.3H2O was dissolved in 1.2 ml 
Oleylamine and 1 ml Toluene. At 110 ˚C the gold solution was injected into the flask, 
and the reaction was left to proceed for 1 hr 20 minutes[11]. 
 
For 8-10 nm size Au nanoparticles, 2 ml of Oleylamine was mixed with 40 mg of 
HAuCl4.3H2O. 10 ml of Oleic acid and 5 ml of Oleylamine was heated to 80 ˚C. The Au 
solution was then injected into the mixture under magnetic stirring. After 5 minutes the 
stirring was halted, and the reaction was left to proceed for 1 hr. These nanoparticles can 







Fig. 3.2.2.1:  An SEM image of synthesised Au nanoparticles of (a) 19 nm diameter and (b) 10 nm diameter. The 
nanoparticles were aggregated with iso-propanol to make them easier to inspect. 
 
Gold nanoparticles were also synthesised using aqueous methods which relied on the 
reduction of HAulCl4.3H2O to form small 8-10 nm nanoparticles[12][13]. For this 
method two main procedures were used: The first involved adding 2.2 mg of 
HAulCl4.3H2O to 25 ml of de-ionised water. 25 mg Sodium Citrate was then mixed 
separately with 1.25 ml de-ionised water. The gold solution was heated to around 80˚C, 
and then the sodium citrate solution was added. The reaction was left for 5-10 minutes 
until the colour went a wine red, then left for another 10-15 minutes[14][15]. The formed 
nanoparticles were stored in a glass vial. The second procedure was as follows: A mixture 
of chilled 0.1 ml of 8 mM NaBH4 and 25 mM Sodium Citrate was added drop by drop to 
a 10 ml solution of 0.5 mM HAuCl4.3H2O until a ruby red colour was obtained. The 
resulting nanoparticles were again stored in a glass vial[16][17]. 
 
In order to synthesise the silver nanowires, 10 ml of Ethelyne Glycol (EG) was transferred 
into a three neck flask and heated to 160 ˚C in an Argon atmosphere under continuous 
magnetic stirring. 0.1 g AgNO3 was dissolved in 5 ml of EG, and 0.12 g of PVP was 
dissolved into a separate amount of 10 ml EG. The AgNO3 and PVP solutions were then 
injected into the three neck flask simultaneously, drop by drop, starting with 3 drops of 
the PVP solution. The temperature was kept at 160 ˚C for 1 hr. Following this the heating 
mantle was removed to cool and stop the reaction. The magnetic stirrer was then taken 
off. Once the solution was cool it was transferred to a glass container for storage[8]. These 






Fig. 3.2.2.2: SEM images of synthesised Ag nanowires. 
 
3.3     Deposition Techniques 
When assembling the heterogeneous structures some specific deposition techniques were 
required for the formation of layers of specific thicknesses and smoothness. While some 
experiments only required heteroaggregation or spin coating; others could only be formed 
through the use of specific machines. A description of these machine techniques is given 
in this section which includes some background information and the experimental 
parameters generally used. 
 
3.3.1    Electrophoretic Deposition 
Electrophoretic deposition (EPD) was used when depositing layers of CdSe nanoparticles 
onto ITO glass samples and SiO2-Si wafers. In order to do this, two pieces of the substrate 
with a similar size were cut. One was attached to the anode of the EPD system and another 
was attached to the cathode. The nanoparticles for deposition would be washed once using 
toluene and IPA and dispersed into the desired solvent. The solution was then placed in a 
container below the anode and cathode. An image of the setup can be seen in fig. 3.3.1.1. 





would be set, along with the amount of time it should be left to dry. Once immersed in 
the solution, the voltage of the system would be set to between 200 and 600 V. The ligands 
surrounding the nanoparticles have a specific charge, and when exposed to the charge 
applied to each side of the anode and cathode pair, attach to the side of opposite charge. 
 
 
Fig. 3.3.1.1:  The experimental setup used for EPD. The glass chamber includes a lock to prevent current from flowing 
if open, for safety purposes. 
 
3.3.2     Atomic Layer Deposition 
Atomic layer deposition (ALD) is a method of forming thin films on the surface of a 
desired substrate[18][19][20]. The method utilises gas mixtures which cause chemical 
reactions to occur at the surface and the resulting binary compound film is then deposited 
on the substrate’s surface[18][19]. As there are only a set amount of available spaces on 










surface[18][19]. As a result; the reactions can occur in a sequential fashion allowing for 
the thickness of the film to be controlled on the atomic scale[18]. 
 
Additional advantages to ALD include the method in which the reaction is carried out 
and the substrate size independence of the technique. The surface reactions that occur 
during ALD happen sequentially[18][19][20]. As a result the precursors in gas phase 
don’t come into contact in the gas phase. This prevents nanoparticles from forming on 
the surface[18]. In addition; ALD can be carried out on very large substrates, or on 
multiple substrates in parallel. The exact geometry that can be coated is only limited by 
the size of the reaction chamber[18]. 
 
In this work; ALD of Al2O3 and/or SiO2 was carried out at the Tyndall National Institute. 
The substrate was a Si wafer coated with 50 nm of Ag. The reaction allowed for the 
deposition of 5-7 nm on the surface of the wafer. 
 
3.3.3     Sputtering Deposition 
Sputtering is a deposition method which involves ejecting atoms from a particular target 
through the impact of the target’s surface with high energy particles, which are generally 
gas ions[21]. The number of particles ejected from the surface per incident ion is known 
as the sputtering yield[21][22]. This is dependent on the incident angle of the ion as well 
as the surface binding energy of the atoms on the target and the mass of the ion and target 
atoms respectively. The sputtered atoms typically have a very high energy distribution in 
the order of tens of eV and can fly from the target in straight lines, impacting energetically 
onto the desired substrate’s surface[21][22]. Alternatively, the ionized atoms can collide 




and slowing their impact onto the substrate’s surface[21][22]. The gas in the chamber is 
typically argon, oxygen or a different inert gas. 
 
Sputtering has the advantage of allowing materials with very high melting points to be 
deposited with ease, and the composition of the deposited thin film is often very close to 
that of the original target material. It is also possible to undertake reactive sputtering, in 
which a target material undergoes a chemical reaction before hitting the substrate’s 
surface. As an example; when nickel is sputtered in oxygen, allowing for the formation 
of an oxidised layer (i.e. NiO)[23]. One of the main disadvantages of sputtering is that 
there is a higher risk of damage to the surface, and it is harder to control the exact layer 
thickness in comparison to atomic layer deposition. 
 
 













An image of the sputtering machine used appears in fig. 3.3.3.1. In the experiments 
presented the pressure chamber is carried out at 3 mTorr. For the metallic materials the 
applied voltage is generally 20 V. When carrying out the reactive sputtering the voltage 
is ramped up to 50 V due to the higher binding energy of the target atoms. The pressure 
is 3.4 mTorr split evenly between argon and oxygen gas. 
 
3.4     Optical Measurement Setups 
This section will cover the design and creation of the setups used to take optical 
measurements from the samples produced. This will include the specific ways that the 
information from the samples are obtained and the exact components used in each case. 
 
To measure the fluorescence peak and/or lasing of a sample the setup in fig. 3.4.1 was 
used. The setup went through a microscope column, which allowed for both the real time 
imaging on the spectroscope as well as with the microscope sights when the laser was 
blocked. The system of mirrors guided the laser to the spectroscope where the desired 






Fig. 3.4.1: The optical setup used for fluorescence and/or lasing measurements. M stands for the mirror in each case, 
while B-S stands for Beam Splitter. The microscope column contains a white light source which allows for inspection 
of the sample. M3 can be flipped; which allows for viewing of the sample using the sights or a connected camera. 
 
In order to measure the waveguide propagation of the sample the setup in fig. 3.4.2 was 
used. The white light source would be used to view the sample on the computer monitor 
connected to the CCD camera. This could be used in conjunction with the laser to both 
fine tune its alignment and also determine exactly where the sample was being illuminated 
by the laser beam. Once set to the desired location; the flip mirror was moved out of the 
way and the white light source was turned off. The laser beam was then aligned through 
the pinhole to the optical signal detector. This was connected to a lock-in amplifier, which 
increased the magnitude of the signal (which had been converted to an electronic voltage 
reading by the detector) and made it readable on a standard laboratory oscilloscope. Once 
alignment of the laser was known; this point could be marked on the computer screen, 
allowing for any measurement of the waveguide output as desired. 
 
 
Fig 3.4.2: The optical setup used to measure the waveguide propagation from the desired sample. 
 
Once alignment of the laser was known; this point could be marked on the computer 




3.5     Characterisation Techniques 
This section will give information about the microscope and spectroscopy techniques 
used to image and record data about the samples. This will include some background 
information about the techniques and the typical general procedures used when working 
with them. 
 
3.5.1     Transmission Electron Microscopy 
Transmission electron microscopy (TEM) is a method of imaging a very thin sample by 
passing a beam of electrons through it. As the electrons pass through the sample they 
interact with it which allows an image to be produced by sending the beam to hit a 
fluorescent screen[24][25]. A CCD camera can also be attached to the microscope 
allowing for images of the sample to be recorded in real time. The formation of the image 
will depend on the thickness of the sample, composition, and electron absorption. Images 
can be recorded in either bright field or dark field[26]. Bright field images are obtained 
based on electron absorption or occlusion with the sample. Dark field images are formed 
by excluding unscattered electrons from the sample. Diffraction images can also be 
obtained by adjusting the magnetic lenses so that the back focal length of the lens is placed 
on the imaging apparatus. The image generated will be either dots for a single crystal 
structure, or rings for polycrystal structures[27]. 
 
The most typical sources used for the electron gun are tungsten filaments or lanthanum 
hexaboride crystals[28]. This source is connected to a high voltage source (around 100-
300 V) and, when a suitable current is reached, the gun fires a beam of electrons towards 
the sample. The electron beam travels through a vacuum of around 10-4 – 10-5 Pa. Not 




difference between the cathode and the ground from generating an arc, which would 
affect the beam trajectory[28][29]. 
 
The system consists of three lens stages: a condenser lens stage, an objective lens stage, 
and a projector lens stage. These lenses work on the principle of electromagnetism, which 
typically involves coiled structures. The condenser lenses are used to shape the beam, the 
objective lenses are used to refocus the beam after they have passed through the sample, 
and the projector lenses are used to spread the beam out over the region of the viewing 
screen[30]. The system can also incorporate apertures; these are angular metallic plates 
which can be used to exclude electrons that are more than a fixed distance from the optical 
axis[31]. 
 
The specimen stage, used to hold the sample, is a side entry holder. The sample is placed 
near the tip of a metallic rod where it is held in place by a small bore. The rod has several 
polymer vacuum rings along it, which allow for an effective vacuum seal to be 
formed[32]. The TEM is built with a specific entry point for this holder. When inserted, 
the sample holder has to be rotated at specific points in order to activate micro-switches. 
These switches initiate the evacuation of the airlock before the sample is inserted into the 
column[32]. 
 
In these experiments, a JOEL 2010 was used to take images of the nanoparticles and silica 
coatings. The vacuum pressure was kept at 10-5 Pa to prevent interference with the 
electron beam, and an attached CCD camera was used to take images of the samples. The 
TEM used a standard side entry holder, with the samples dispersed on small carbon-





3.5.2     Scanning Electron Microscopy 
Scanning Electron Microscopy (SEM) is one of the primary imaging techniques used in 
scientific research. The technique utilises a high energy beam of electrons which is 
directed at the sample’s surface. The interactions between the electrons and the sample 
reveals information about its surface morphology as well as its composition and crystal 
structure[33]. Typically SEMs have a spatial resolution of 50-100 nm in standard 
operating modes, and can image samples from the nm to mm range. The standard 
resolution of the SEM is between 1 and 20 nm[34]. 
 
The electron beam is generated due to thermionic emission from an electron gun fitted 
with a tungsten filament or lanthanum hexaboride cathode. As tungsten has a very high 
melting point and the lowest vapour pressure of all the metals it is very suitable for 
electronic heating[33][34]. The electron beam typically has a value of 0.2 to 40 keV[35]. 
Typically the beam will travel in a vacuum to prevent collisions with other atoms[36]. 
The beam travels down a column which contains condenser and objective lenses made 
from electromagnetic coils. These shape and focus the beam. Scan coils are also present 
which allow the beam to be scanned over the area of the sample[34][36]When the beam 
interacts with the sample; energy is lost due to scattering and absorption with the material. 
As this effect differs depending on the composition and shape of the sample, an image 
can be generated by detecting the scattered electrons or the emission of electromagnetic 
radiation[33]. In order to be imaged under SEM, samples ideally need to be electronically 





Some SEMs are also capable of performing energy-dispersive x-ray spectroscopy (EDS). 
When utilising this, the high energy beam of electrons causes the emission of x-rays from 
the sample due to electron ejection from the orbital of the atom[37]. These x-ray peaks 
are characteristic to a particular material. A detector transforms the x-ray signals to an 
output voltage that can be easily inspected[36]. However; EDS can be effected by sample 
contamination from even a few extra atoms, and peaks from several materials can overlap, 
making it hard to determine the exact components in a sample[33][36]. 
 
When preparing samples for SEM imaging, the samples must be completely dry to 
prevent liquids from effecting the electron beam[38]. Weakly conductive, or non-
conductive, samples can be coated with gold to make them easier to view[34][36]. The 
sample is typically mounted onto a metal support with carbon tape to prevent the build-
up of charge. From here it enters a vacuum chamber to purge the atmosphere around the 
sample which would interfere with the imaging process. The sample then enters the beam 
chamber for inspection. 
 
In this work; the SEM being used was a Hitachi SU-70. The voltage would be altered 
between 10-30 kV; depending on the resolution desired for proper sample inspection. The 
resolution of this SEM could go as low as around 1 nm, magnification can go as high as 
x 35, and also allowed for tilting up to 7 degrees of the sample. Samples were either 
dispersed on Au coated Si chips, or imaged directly with the glass layer or Si layer under 
the structure acting as a substrate for attachment to the sample holder. These samples 






3.5.3     Focused Ion Beam Microscopy 
Focused Ion Beam Microscopy (FIB) is an imaging technique similar to an SEM; 
however, ions are used to image the sample surface instead of electrons[39]. The impact 
of the ions on the surface causes material to be sputtered away making it very destructive 
for imaging. The ions are accelerated to energies of 1-50 keV, and focused on the sample 
using electrostatic lenses[39][40]. Similar to an SEM; the machine must be calibrated for 
astigmatism and focus. Due to surface damage, this should be done at a low energy and 
not in constant imaging mode[39][40]. The resolution of a FIB is comparable to that of 
an SEM. Some FIB models allow for secondary electrons, or ions, generated by the beam 
to be used for imaging[41]. The secondary electron imaging allows for sharp grain images 
to be obtained, while secondary ions allow for different materials to be determined due 
to the changes in brightness when they interact with the surface[41][42]. Currently, the 
smallest beam size available for nanoscale imaging is around 8 nm, with typical available 
sizes less than 50 nm[43]. 
 
Gallium ions are the most common type used for the beam[39][44]. Due to the weight of 
the atom, it allows for fast milling of patterns, but the acceleration energy must be 
carefully chosen to allow for a suitable depth to be reached, and to allow for smooth 
patterns to be made. Gallium ions are typically formed by accelerating a Gallium source 
towards a tungsten filament[45]. Another method, which is becoming very common in 
industry, is the use of liquid-metal ion sources. For this method, the metal is placed in 
contact with a tungsten needle. Heated Gallium flows to the tip of the needle, forming a 
Taylor cone due to the opposition of surface tension forces and the electric field. The very 
large electric field at this extremely small cone results in the generation of ions[46][47]. 




less damage to the material’s surface during imaging, but patterning takes much longer 
as a result. This can be used to obtain more precise patterns[48]. 
 
The ion beam can be used to etch away a specific number of material layers, or a specific 
depth into a material, which results in the substrate becoming quite rough[49]. Similarly, 
very specific patterns such as trenches or vias can be made by choosing specific shapes 
to pattern on the surface of the substrate[50]. By combining various patterns, or 
programming specific designs, more complicated features can be generated. The energy 
chosen when patterning is very important to ensure that the correct number of layers are 
being removed in a set amount of time. To accommodate this, some FIB systems have 
software that can measure the change in the electric characteristics of the surface as layers 
are removed. If the sample is heterogeneous, then this can be used to determine a suitable 
exposure time to cut down to a specific layer. The patterning is not usually done in 
imaging mode, so as to prevent the continuous damage to the substrate. The smallest 
features that can be milled this way, to date, are 10-15 nm. 
 
FIB milling was either carried out either at the Tyndall National Institute or at MSSI. For 
the patterning at Tyndall, RGB black and white files were prepared with the area to be 
milled in white and other areas in black. The shape was drawn to scale, and then the exact 
conversion was set into the FIB computer system. For patterning at UL; matrix data was 
compiled into a txt file with the exact coordinates set as x and y positions, and the depth 
of milling set in picoseconds as z. The conversion was worked out prior to the file 
preparation. Once ready, the pattern file was loaded into the computer and would appear 




out by the machine owners, while at MSSI the patterning was carried out personally. The 
current was typically only 2-79 pA, due to the delicate materials on the surface. 
 
3.5.4     Raman Spectroscopy 
Raman spectroscopy is a method used to determine the chemical composition by 
observing the low-frequency modes that occupy a specific system[51]. The method uses 
the inelastic scattering of a monochromatic light source, such as a laser.  When the light 
interacts with the molecules, the phonon interacts with the mode that is either in a ground 
state or excited state.  This causes the molecule to enter a virtual excited state for a brief 
period of time before the inelastic scattering occurs[51][52]. The energy of the light is 
then shifted higher (anti-Stokes) or lower (Stokes).[53][54][55] This electromagnetic 
information from the illuminated spot is collected using a lens and sent through a 
monochromator. The elastic scattering is then removed using a band pass filter before the 
remaining light is sent to the detector. 
 
In these experiments the samples were illuminated with a 532 nm laser and the spectral 
data was collected using a 50 x WD lens and 1800 lines/ mm diffraction grating. 
Information on the CdSe Raman bands was then collected and compared for the different 
monolayer and heterogeneous samples to see what effect was had on the intensity of these 
bands for different structures. The fluorescence peaks of the samples were also recorded, 
and their intensities compared. During spectroscopy measurements; the time and number 
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Heteroaggregation Assisted Wet 
Synthesis of Metal-Insulator-
Semiconductor Core Shell Nanowires 
 
 
4.1     Introduction 
This study focuses on the heteroaggregation of nanoparticles with nanowires in a non-
polar solution. The contents of this chapter are a modified version of those published 
previously in Nanoscale[1]. When the solution is non-polar the obtainable surface 
coverage of the nanowire with nanoparticles is no longer dependant on the charge in 
solution being balanced. As a result, the coverage is much higher than that previously 
seen in polar studies. Instead of being dominated by the double layer force and charge 
interactions, the coverage instead becomes dependant on the van der Waals force. As the 
van der Waals force is determined from the nanoparticle’s dimensions, this results in 
higher obtainable coverage for larger nanoparticles. In addition, the termination ligand on 
the nanoparticle also becomes an important factor in the achievable percentage coverage. 
 
The benefits of this heterogeneous configuration are also highlighted through their ability 
to enhance the Raman peaks from the CdSe. As mentioned in chapter 2; heterogeneous 




structures due to the interactions between the various layers[2]-[5]. Among these various 
enhancements is that of surface plasmon propagation enhancement.  The propagation of 
electrons along the interface due to the exposure to light of a suitable frequency produces 
an electromagnetic wave which decays exponentially into the material from the surface. 
Due to the interplay between the different metal, insulator, and semiconductor layers 
these properties can be altered or enhanced[6]-[12]. As an example, Au-PBS nanocubes 
can produce response times suitable for the formation of saturable absorbers, and Au-CdS 
nanomaterials can act as effective chemical detectors[13][14][15]. 
 
Heteroaggregation, the attachment of dissimilar particles in solution, has been used to 
coat spherical bead particles of metal or polystyrene with dis-similar outer nanoparticle 
layers such as gold, silver, or semiconductor materials[16]-[22]. These studies have 
indicated that the particles absorbed on the surface show a preference for lateral 
attachment over clustering on the surface. This not only allows for a smooth monolayer 
to be attached in order to form a shell on larger diameter nanoparticles, but also indicates 
that the energy or attachment in the heteroaggregation process is lower than that required 
for bulk homoaggregation[17]. While heteroaggregation has been previously studied 
extensively on spherical particles in aqueous solution, the effect of particle interactions 
in nonpolar solvents and between nanoparticles and cylindrical nanowires remains 
relatively unknown. 
 
In this chapter, the effects of heteroaggregation on prepared, insulator coated, metal 
nanowires are studied to produce a novel synthesis route for the formation of metal-
insulator-semiconductor and metal-insulator-metal core shell nanowires. Synthesised 




Stӧber method is used to grow a thin insulating silica layer around them. The 
heteroaggregation step was carried out by dispersing the nanowires in solutions of 
Toluene containing nanoparticles of either CdSe or Au. This allowed for the investigation 
of the factors that allow for the formation of metal-insulator-semiconductor and metal-
insulator-metal nanowires. An image of the main structure is shown in figure 4.1.1. The 
effects of this heterostructure on the CdSe’s optical properties were also investigated by 
illumination of the nanowires with a 532 nm laser, and investigating both their Raman 
band and fluorescence intensity changes. 
 
Fig. 4.1.1:   The completed structure for the core-shell silver-silica-CdSe heterogeneous nanowire. 
 
4.2     Experimental 
Silver nanowires 2-10 µm long were synthesised using soft solution phase synthesis[23].  
These nanowires were then used as the metal core for the heterogeneous nanowires. Once 
synthesised; the nanowires were stored in an ethelyne glycol solution which allowed them 
to be stable for a period of around six months. 
 
The growth of the ultrathin silica layer was achieved using a new modification to the 
Stӧber method[24]. For the first stage, 0.5-2 ml of the silver nanowire solution (20-75 mg 
of silver nanowires approx.) was washed four times with iso-propanol under centrifuge 
at 3100 rpm. The washed nanowires were then functionalised by dispersing them into a 




previously dissolved in 2 mL iso-propanol. The solution was then left under 500 rpm 
magnetic stirring for 1 hr. Once this was complete; the nanowires were washed again 
twice in iso-propanol at 3500 rpm. They were then re-dispersed into a new 4:1 de-ionised 
water: iso-propanol solution in a three neck flask. The solution was stirred at 500 rpm in 
a nitrogen atmosphere at room temperature. In order to grow the silica layer, 0.15 ml of 
ammonium hydroxide was then injected into the solution followed by 0.024 g of 
tetraethylorthosilicate. The reaction was left for 1 hour. The wires were then washed four 
times under centrifuge to halt the growth of the silica. Once washed, the nanowires were 
re-dispersed into a 10 mL solution of iso-propanol. 
 
In order to attach the outer layer of nanoparticles via heteroaggregation, CdSe 
nanoparticles of different sizes were synthesised using the recipes given in the 
methodology chapter 3 [25][26] (6 nm x 6 nm, 15 nm x 9 nm, and 24 nm x 11 nm sized 
nanoparticles). Au nanoparticles were also synthesised to test the metal-insulator-metal 
heterogeneous structure with diameters of 19 nm and 10 nm[27]. The termination ligand 
of the two larger CdSe nanoparticle sizes was tetradecylphosphonic acid, while the 
smallest CdSe size and the Au nanoparticles were capped with oleic acid ligands. Prior 
to use, the CdSe nanoparticles were washed in Toluene and iso-propanol twice to remove 
excess surfactants. The Au nanoparticles were not washed, as the introduction of iso-
propanol could result in rapid homoaggregation. Each nanoparticle size/type was then 
dispersed into separate 10 mL solutions of Toluene. For the CdSe nanoparticles, a weight 
per volume of 4.8 mg/mL was used for all different sizes of nanoparticles. The Au 
nanoparticles had a higher measure of 30 mg/ mL added to account for the weight of the 
gel matrix. The particles needed to remain as monodisperse as possible when dispersed 




achievable on the nanowire surface. 3 mL of the silica coated nanowire solution was then 
added to each particle solution. These solutions were then sonicated three times a day for 
a period of up to 20 days (approximately 8 hours between sonications). At different times 
during this period, the wires were washed out through centrifuge with iso-propanol to 
inspect the coverage of the nanowires with nanoparticles. 
 
4.3     Results of the Heteroaggregation 
The silver nanowires were inspected under TEM once the silica layer growth step was 
completed. This inspection revealed that a 5-10 nm layer was grown around more than 
95% of the nanowires, which is sufficient to act as an insulating layer[28][29]. A thicker 
layer could be produced by increasing the amount of tetraethylorthosilicate can be 
increased in the silica step, or the concentration of nanowires can be decreased. The total 
coverage of the nanowire with either CdSe nanoparticles or Au nanoparticles was 
inspected under SEM. An example of a completed core-shell nanowire, through the 
various stages of fabrication, is shown in fig. 4.3.1. It was found that the CdSe 






Fig. 4.3.1:   (a)+(b) Plain silver nanowires, (c)+(d) silver nanowires coated with silica, (e) + (f) silica coated silver 
nanowires coated with 24 nm x 11 nm CdSe nanoparticles. 
 
It was found that the larger nanoparticles produced a greater surface coverage with 
increases seen in the percentage coverage for both CdSe and Au with increasing 
nanoparticle size. For the CdSe nanoparticles; this increase is seen from a 22.0 ± 9.7% 
average for the 6 nm long nanoparticles, to 40.8 ± 15.9% for the 15 nm, and an overall 
maximum increase of 79.5 ± 11.3% for the 24 nm ones which included some nanowires 
over 90% covered. In addition, increases in the nanoparticle size are accompanied by a 
continuous decrease in the number of uncoated nanowires. Fig. 4.3.2 shows the coverage 




sizes, which highlights the continuous increase in the surface coverage. An increase was 
also seen with the Au nanoparticles with increasing nanoparticle diameter; but to a smaller 
extent with an approximate increase of only 2% for the 19 nm nanoparticles, as seen in 
fig. 4.3.3. At saturation, the nanowires only achieve coverage of 24.2 ± 6.3% and 22.1 ± 
8.1% for the 19 nm and 10 nm nanoparticles respectively. 
 
 
Fig 4.3.2:  An image of an averagely coated nanowire, and the percentage coverage recorded for 30 nanowires in 
histogram form, after a period of 3 days for (a) 6 nm x 6nm, (b) 15 nm x 9 nm, and (c) 24 nm x 11 nm CdSe 





Fig 4.3.3:  An image of an averagely coated nanowire, and the percentage coverage recorded for 30 nanowires in 
histogram form, after a period of 3 days for (a) 10 nm diameter, and (b) 19 nm diameter nanoparticles. Images obtained 
using SEM. 
 
4.4    van der Waals and Steric Repulsion Contributions 
The increase in the coverage of nanoparticles on the nanowire’s surface is attributed to 
an increase in the total energy of the system, making the nanoparticles more likely to 
attach to the surface. The double layer forces are not considered relevant in these 
experiments as toluene, which is a nonpolar solvent, has much less of a charge than other 
aqueous solutions such as water. As a result, its effects on the system would be minimal. 
Instead, the van der Waals force is considered the main attractive force, which is 
dependent on the dimensions of the nanoparticle[30]. The steric repulsion, on the other 
hand, is considered the main repulsive force. The nanoparticles used in this study were 
all terminated with long chain ligands such as oleic acid. Once the nanoparticle and the 




ligands results in the production of steric repulsion which becomes stronger as this 
distance becomes shorter. Both forces are much stronger at short range, with the strength 
of the force decaying as the nanoparticles move further away. It is the combination effect 
of these two forces that stabilizes the position of the nanoparticles a short distance from 
the nanowire surface. 
 
Estimations are made of the van der Waals interaction energy for both the CdSe and Au 
cases. Three main interactions are considered when determining the attractive energy 
experienced by the nanoparticle: (1) the nanoparticle’s interaction with the silver 
nanowire through the silica layer, (2) the nanoparticle’s interaction with the ultrathin 
silica layer, and (3) the opposing attraction that the nanoparticle experiences towards the 
toluene. The silica coated silver nanowires are taken as cylinders with an average length 
of 5 μm and a diameter of 235 nm. Calculation of the Hamaker coefficient (AH) can be 
obtained using the combining relations for Hamaker[30][31]: 
                                                            ≈ ( − )                                              4.4.1 
                                                  ≈  −  −                             4.4.2 
Where A132 is the Hamaker coefficient for phase 1 and phase 2 interacting in a medium 
3, which allows for the calculation of the Hamaker coefficient for CdSe-silica-silver and 
Au-silica-silver. A11, A22, and A33 represent cases where a phase is interacting with a 
phase of the same material across a vacuum. In effect, A131 would be the same as A11 if 
the medium it was interacting across was a vacuum (see fig 4.4.1). The values for these 
calculations are readily available from literature sources. When calculating components 
(1) and (2) the effects of the toluene were ignored as the silica layer on the nanowires is 




toluene are instead obtained from calculation (3). Hamaker values of 34.20 x 10-20 J for 
silver-vacuum-silver, 6.55 x 10-20 J for silica-vacuum-silica[32], 45.00 x 10-20 J, 45.00 x 
10-20 J for Au-vacuum-Au[33][34], and 15.60 x 10-20 J for CdSe-vacuum-CdSe[35] were 
used when determining the Hamaker coefficients for the system. Using the above 
equations, this yielded a Hamaker coefficient value of 4.57 x 10-20 J for CdSe-silica-silver, 
and a value of 13.64 x 10-20 J for Au-silica-silver. 
 
When calculating the Hamaker coefficients for the nanoparticles’ interaction with the 
toluene or the silica, a one further combination relation was used[30]: 
                                                          ≈                                                              4.4.3 
A Hamaker coefficient value of 5.4 x 10-20 J, obtained from literature, was used for 
toluene-vacuum-toluene in these calculations[36]. Using the above equation, values of 
9.18 x 10-20 J and 10.10 x 10-20 J were obtained for CdSe-Toluene and CdSe-silica 
respectively. Similarly, values of 15.58 x 10-20 J and 17.17 x 10-20 J were calculated for 





Fig 4.4.1:  Representation of the two cases used when calculating the van der Waals interaction energy for both (a) a 
CdSe nanoparticle, and (b) an Au nanoparticle. The distance of the nanoparticle to the silica is represented as d1. The 
distance of the nanoparticle from the silver is represented as d2, and takes into account the thickness of the silica layer. 
A1, A2, and A3 represent the Hamaker coefficient of the material. For the Hamaker coefficient A132, this would mean 
the interaction of the nanoparticle with the silver nanowire through the silica layer. 
 
Approximating the three different sized CdSe nanoparticles as cylinders allowed for the 
calculation of the van der Waals interaction energy per unit length of the nanoparticle, 
when the long axis of the nanorods are parallel with the long axis of the nanowire, using 
the Derjaguin approximation[30][37]: 
                                      "#$%&'()* = −12√2, 
--- . -
                                               4.4.4 
When the long axis of the nanorod is perpendicular to the long axis of the nanowire the 
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Where D is the separation between the cylinders (either d1 or d2 depending on the 
component being calculated) and R1 and R2 are the radii of the nanoparticle and nanowire 
respectively. The Derjaguin approximation was considered valid for this system, as the 
radius of the nanowire is much larger than the separation between the nanoparticle and 
the nanowire. The silica coated silver nanowire was also separately taken as a flat surface 
in another set of calculations to determine if the radius of the nanowire was long enough 
to behave as if it was a completely flat surface. This was calculated as[30][37]: 
                                              "#$%&'()* = /0120√41                                                       4.4.6 
As the equations 4.4.4 and 4.4.6 were per unit length, the actual value of the van der 
Waals interaction energy was determined by multiplying the result by the length of the 
nanoparticle. Due to the length of the nanoparticles, the overall dimensions of the 
nanoparticles in comparison to the thickness of the nanowire (which was the ultrathin 
silica layer) was believed to further reduce any associated error. 
 
Two separate distances were used depending on the part of the van der Waals being 
calculated; d1 was used as the distance between the nanoparticle and the silica layer, as 
well as the distance to the toluene in solution. The distance from the nanoparticle to the 
silver nanowire surface was taken as d2 which was d1 summed with the average of the 





The values when the nanoparticle was parallel, perpendicular, and approximating the 
nanowire as a flat plate were found to be quite similar, when the same distances was used 
for all three. The parallel configuration was found to be almost identical to the flat plate 
approximation, while the perpendicular configuration was in the same order of magnitude 
as the other two cases. This indicates that, due to its large radius in comparison to the 
nanoparticles, the nanowire is acting like a flat surface. This has been seen previously in 
other investigations of the interactions between spherical nanoparticles and nanowires in 
terms of EDL energies[38]. Due both to this, and the random orientation of nanoparticles 
observed on the nanowire’s surface, it is believed that the nanowire is behaving as a flat 
surface. 
 
The Au nanoparticles were taken as spherical nanoparticles. Generally, the van der Waals 
interaction energy between a sphere and a cylinder can be taken as[38][39 
"#$%&'()*
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Where L is the length of the cylinder, and R1 and R2 are the radii of the nanoparticle and 
the nanowire respectively. Due to the ratio of the cylinder radius to that of the 
nanoparticles being greater than 10 it is possible; however, to estimate the energy and 
force through a more straightforward sphere and flat plate configuration. Thus, the surface 
element configuration (SEI) approximation was used, both due to the shape of the Au 
nanoparticles and the radius of the nanoparticle being the only dimensional quantity used 
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It was assumed that when the nanoparticle is fully immersed in toluene, its interaction 
with the toluene is zero. The interaction with the 7.5 nm silica layer was estimated by 
varying the distance between a nanoparticle and a silica block. The interaction between 
the nanoparticle and the toluene treats the toluene as if it’s a large block a distance d1 
from the nanoparticle. The total van der Waals interaction energy was obtained by 
summing the individual energies of material-silica-silver (1) with material-silica (2), and 
subtracting material-toluene (3). The calculation for material-silica was calculated in two 
parts: (2a) is the distance from the nanoparticle to the surface of the silica layer, while 
(2b) is the distance from the nanoparticle to the underside of the silica layer (2a plus the 
thickness of the silica layer). Distance d1 was used for (2a) and (3), while distance d2 (d1 
+ 7.5 nm) was used for (1) and (2b). The values for CdSe are shown in table 4.4.1 and the 
values for Au are shown in table 4.4.2. In all cases the optimum distance for the particle 
attachment was used. For each calculation the correct Hamaker coefficient was used for 
the system in question. Equations 4.4.6 and 4.4.8 were used for these calculations. 
Table 4.4.1: The individual van der Waals values calculated for the different interactions of CdSe nanoparticles with 




















24 x 11 1.47 -5.64 -188.13 -12.48 -170.83 -10.46 
15 x 9 1.48 -3.18 -105.28 -7.04 -95.60 -5.82 





Table 4.4.2: The individual van der Waals values calculated for the different interactions of Au nanoparticles with the 




















19 1.93 -5.42 -85.94 -6.82 -77.98 -6.56 
10 2.06 -1.43 -41.43 -1.80 -37.59 -3.47 
 
As outlined previously, the main contribution to the repulsion of the nanoparticles from 
the nanowire surface is the steric repulsion. The origin of the steric repulsion is the Pauli 
Exclusion Principle.  Steric repulsion occurs when the interfacial layers of two colloids 
overlap, resulting in a strong repulsive force which increases the closer the colloids are 
to each other[37]. In these experiments, when the distance between the nanoparticle and 
the nanowire becomes too short the ligands are compressed. This results in steric 
repulsion which becomes stronger as this distance becomes shorter and shorter. The 
energy of the steric repulsion can be calculated, to a first approximation, as[41]: 
                                                "LMNOP = 2Q91RS                                                                 4.4.9 
Where δ is the thickness of the interfacial layer, kb is Boltzmann’s constant, d1 is the 
distance between the nanoparticle and the nanowire, and T is the temperature. In these 
calculations the factor of 2 is ignored, as the nanoparticles are interacting with the silica 
layer instead of another nanoparticle, and the silica layer would not have an interfacial 
layer. The d1-12 term again shows the relation between the steric repulsion and the 
Lennard-Jones potential, as it closely resembles the repulsive term. In order to calculate 




Boltzmann distribution statistics. The Boltzmann distribution is used to determine the 
probability P(i) that a particle is in a particular energy state, which can be written as[42]: 
                                                   U(B) = $ VWXYZ[                                                                4.4.10 
Where Ei is the energy of the state, and A is a constant determined from the partition 
function. It is assumed that particles in the toluene have zero energy, so that the attached 
particles on the nanowire are in a lower state. 
 
The Coulomb interaction potential is not considered, as the Au nanoparticles are neutrally 
charged, while the CdSe has a weak charge. An estimation of the Coulomb charge is made 
using the principle of mirror charges[43]. When a nanoparticle interacts with an infinite 
conductor, it produces a mirror charge which has half the charge and opposite sign to the 
original. This charge is situated at the same distance into the conductor as the nanoparticle 
is from the conductor’s surface. The interaction of the nanoparticle with the much thicker 
silver nanowire mimics this interaction. The charge on TDPA coated CdSe nanoparticles 
has previously been measured at between 0.2-0.4e[44]. The Coulomb interaction 
potential is calculated using[45]: 
                                                   "]^_`^aR = b0bc>
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In this equation q represents the charge, ε is the dielectric constant of the medium, ε0 is 
the permittivity of free space, and D is the distance between the charges. The dielectric 
constant of silica, which is taken as the medium between the nanoparticle and the silver, 
is readily available as 3.9. The calculation takes into account the fitted optimum distance, 
the thickness of the silica layer, and the radius of the nanoparticle (assuming a central 




nanoparticles, this produces a value to the silver surface of the fitted distance (1.47 nm) 
plus the thickness of the silica layer (7.5 nm) and the radius of the nanoparticle (5.5 nm). 
The distance between the charges is twice that value, which is 29.94 nm. The values 
calculated for each CdSe nanoparticle are shown in table 4.4.3 below. As seen, the 
Coulomb potential in each case is around 1.75 x 10-22 J, making it too small to have a 
serious impact on the results. 
 
Table 4.4.3: The calculated Coulomb Interaction Potential for the different CdSe nanoparticle sizes. 
CdSe Nanoparticle Size 
(nm2) 




24 x 11 29.94 -0.39~-1.58 
15 x 9 26.96 -0.44~-1.75 
6 x 6 24.60 -0.48~-1.92 
 
In order for the nanoparticles to re-enter the solution, they must escape from the potential 
well. The deeper the well is, the harder it is for the nanoparticles to escape from the 
nanowire’s surface. As a result, the coverage of the nanowire with nanoparticles is higher. 
The obtained percentage coverage was used as the probability that the nanowire would 
remain on the surface. This value was then used to determine the energy required for this 
percentage of nanoparticles to leave the nanowire’s surface. Once the total energy of the 
system had been calculated, the difference between this value and the van der Waals 
interaction energy was taken as the steric repulsion. In order to calculate both the optimum 
distance from the nanowire and the interfacial layer thickness, the distance d1 was altered, 




from the van der Waals and steric repulsion values. In the van der Waals calculation the 
distance d2 was also increased by d1 each time to account for the increasing distance from 
the nanowire. The chain length of the capping molecules was estimated from the 
molecular formula, and the length of C-H and phosphate ions. The length of 
tetradecylphosphonic acid was calculated as 1.68 nm, while the calculated length of oleic 
acid was 1.97 nm. In these calculations the temperature was taken as 293 K. 
 
The fitted values for the interfacial layer thicknesses of the nanoparticles were compared 
to the calculated chain lengths of their ligands. The interfacial layer thickness calculated 
for the Au nanoparticles was found to be a perfect match to the calculated chain length 
value for Oleic acid/Oleylamine at 1.97 nm. The smaller 6 nm x 6 nm CdSe nanoparticles 
had a fitted value of 1.34 nm, while the larger CdSe nanoparticles had a fitted value of 
1.47 nm. While these two values are smaller than the corresponding calculated chain 
lengths, they are still considered reasonable as the CdSe nanoparticles were washed twice 
before use; something which would lead to smaller effective interfacial layer thicknesses. 
 
The calculated values for the total energy of the system, along with the optimum distance 
and the determined van der Waals and steric repulsion values are displayed in table 4.4.4. 
The results obtained support the theory that larger nanoparticles have a much stronger 
attractive energy; making them less susceptible to thermal excitation and more likely to 






Table 4.4.4: The calculated total interaction energy from the coverage, along with the Van der Waals and Steric energy, 
calculated from the optimum distance, for the various nanoparticles used. The optimum fitted distance to obtain the 




of the System 
(x 10-21 J) 
Optimum 
Distance (nm) 
Van der Waals 
Interaction 
Energy 




24 nm x 15 nm  
CdSe 
-6.41 1.47 -10.47 4.04 




1.48 -5.82 3.73 
6 nm x 6 nm 
CdSe 
-1.00 1.80 -1.17 0.17 
19 nm Au -1.16 1.93 -6.56 5.34 
10 nm Au -1.06 2.06 -3.47 2.36 
 
Based on the calculations carried out, the largest 24 nm x 11 nm CdSe nanoparticles have 
a much higher van der Waals energy at -10.47 x 10-21 J, which is higher in magnitude 
than the standard thermal excitation at room temperature calculated as (kbT) 4.04 x 10-21 
J.As a result these nanoparticles are much more likely to remain on the nanowire’s surface 
than to jump into solution. This was also found to be true for the 15 nm x 9 nm CdSe and 
19 nm Au nanoparticles. The smaller 6 nm x 6 nm CdSe and 10 nm Au nanoparticles; 
however, had van der Waals values which were much smaller than the thermal excitation 
at room temperature with values of -1.16 x 10-21 J and -3.47 x 10-21 J respectively making 




considering the effects of steric repulsion. The optimum fitted distance shows a reduction 
with increasing particle size, allowing the larger nanoparticles to come much closer to the 
nanowire’s surface which results in a stronger attraction. 
 
The effect of the interfacial layer thickness on particle attachment can also be seen 
through comparisons between the Au and CdSe nanoparticles. While the Hamaker 
coefficient for Au-silica-silver is much larger than that of CdSe-silica-silver, the longer 
capping agent used in the Au nanoparticle synthesis causes the optimum distance for 19 
nm Au nanoparticles to be 1.93 nm, which is further from the surface than the CdSe 
nanoparticles. This causes a substantial reduction in the van der Waals interaction energy 
of the system to -6.56 x 10-21 J. As a result, the total achievable surface coverage is much 
lower. Yet when compared to the 10 Au nanoparticle case the trend of optimum distance 
increasing with nanoparticle size is still apparent, as the nanoparticles still come closer to 
the nanowire surface in the 19 nm Au case, despite the  same capping agent being used 
in the synthesis of both types of gold nanoparticle. 
 
The effect of distance on both the van der Waals and steric repulsion values is shown in 
fig. 4.4.2 for the 24 nm x 11 nm CdSe nanoparticle case. Here the potential well is clearly 
visible in the region between 1.5 and 2.5 nm. As shown, increasing the distance causes 
the steric repulsion to reduce rapidly towards zero, while the van der Waals interaction 
energy also decreases, but at a much slower rate. Additionally, viewing the effect on short 
distances on the steric repulsion values helps highlight the issue with longer chain capping 




than that of the interfacial layer thickness the steric repulsion becomes very strong to the 
point that particle attachment becomes much more difficult, if not impossible. 




























Fig 4.4.2:  The (blue) van der Waals interaction energy and (red) steric repulsion for different distances in the 24 nm x 
11 nm CdSe nanoparticle case. The purple line shows the total energy obtained when the van der Waals and steric 
repulsion values are added together. The black line represents absolute zero. 
 
The results obtained indicate that the main two factors which effect particle attachment 
are both the interfacial layer thickness and the size of the nanoparticle. Even though the 
larger CdSe nanoparticles experience similar levels of steric repulsion, the stronger van 




their chances of attaching to the nanowire’s surface. In addition, the smaller capping agent 
used means that the nanoparticles, at the same distance of an Au nanoparticle, are much 
more likely to attach to the nanowire’s surface. 
 
4.5     Nanoparticle Attachment-Detachment Mechanism 
Initial attachment of the nanoparticles to the silica layer is due to the entropy of mixing 
generated when the sample is sonicated. The exact change in particle attachment with 
time was monitored by taking samples of the coating nanowires every few days and 
inspecting them under SEM to determine the changes in coverage. This period ranged 
from 1 to 20 days in solution. Analysis of the obtained coverage over this period indicated 
a general trend; with an initial linear increase in the attachment in the first few days, 
before a saturation point was reached around day 5 where there was little to no increase 
in nanoparticle attachment. This saturation point is believed to represent an equilibrium 
point at which the number of nanoparticles attaching to the nanowire surface is equal to 
the number detaching from the surface and returning to the solution. Generally, the rate 
equation would depend on both the rate of homoaggregation and heteroaggregation[46]. 
However; as the attachment of nanoparticles in these trials produced monolayers on the 
nanowire surface, and due to the minimization of homoaggregation between the 
nanoparticles themselves, the effects of homoaggregation on the rate of particle 
attachment was not considered in this analysis. The curves obtained can be fit to a 
standard attachment-detachment rate equation[47]: 




In this equation t is time, C is the concentration of nanoparticles in the solution, B is the 
number of bound nanoparticles on the wire’s surface with B0 representing the number of 
nanoparticles which would cover 100 % of the wire’s surface, and ka and kd are kinetic 
constants which represent the attachment coefficient and detachment coefficient 
respectively. 
 
The value for B was calculated from the average dimensions of the silver nanowires and 
the various nanoparticles. The value for C was obtained using the average dimensions of 
the nanoparticles, along with the density of the substance, and the mass in solution. This 
allowed the attachment and detachment coefficients to be calculated from the lines of best 
fit. The lines of best fit, along with the original data points, are shown in Fig 4.5.1 while 
the calculated attachment and detachment coefficients are shown in table 4.5.1. 
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Fig 4.5.1:  The increase of the average percentage coverage for each type of nanoparticle, obtained over a period of 20 




CdSe nanoparticles, (red) 19 nm diameter Au nanoparticles, and (blue) 10 nm diameter Au nanoparticles. The line of 
best fit for each different type of nanoparticle is displayed in its matching colour. 
 
The attachment and detachment coefficients show a clear correlation with size; as the 
larger the nanoparticle, the larger the attachment coefficient and the lower the detachment 
coefficient. Considering the CdSe nanoparticles; the attachment coefficient is an order of 
magnitude higher for the 24 nm x 11 nm size, then the smaller 15 nm x 9 nm size, and 
two orders of magnitude for the 6 nm x 6 nm CdSe size, already making the nanoparticles 
more likely to remain on the nanowires’ surface. As a result, it is believed that smaller 
nanoparticles are much more susceptible to thermal excitation making them less likely to 
remain on the nanowire. 
 
The reason that a saturation point is reached can be explained as follows; once the 
equilibrium point has been reached 
jkjL  = 0. Equation ererf then becomes: 
                                                     hif = f(hi + ))                                                       4.5.2 
This equation can then be divided across as: 
                                                      f =  YlYm f                                                                 4.5.3 
The initial increase in particle attachment is due to the kaC term. Considering equation 
4.5.3, however; once the equilibrium point is reached the coverage doesn’t change much. 
When the coverage is higher the 
nln] term is much less than one. As a result, the change 




Table 4.5.1: The attachment and detachment coefficients calculated for the different nanoparticles from the attachment-
detachment rate equation. 
Nanoparticle Size Attachment Coefficient (x 
10-20 particles-1 L day-1) 
Detachment Coefficient 
(day-1) 
CdSe 24 nm x 11 nm 167 0.14 
CdSe 15 nm x 9 nm 16.0 0.19 
CdSe 6 nm x 6 nm 1.21 0.22 
Au 19 nm 7.40 0.46 
Au 10 nm 3.30 0.49 
 
There is not much difference between the results for the Au nanoparticles and the CdSe 
ones, as the attachment and detachment coefficients are similar in each case to the 
nanoparticle of the closest size. The differences in the average coverage are believed to 
be due to the longer ligands surrounding the Au nanoparticles, as discussed in section 4.1, 
which reduce the van der Waals interaction energy; resulting in a reduction of the 
attainable coverage possible. Despite these differences, both the Au and CdSe 
nanoparticles follow the attachment-detachment model well. Due to these continuous 
decreases in the attachment coefficient and increases in the attachment coefficient for 
decreasing particle size; a correlation between particle size and particle attachment is 
indicated and it is believed that smaller nanoparticles are more susceptible to thermal 
excitation. 
 
A brief investigation was also carried out regarding the effects of concentration variation 
on the obtainable coverage of the nanowires. The concentration of nanoparticles for the 




was carried out over the same period. After one day in solution the nanowires did show 
an increase with an average of 65 % surface coverage. However; all subsequent 
inspections showed no change between the coverage obtained with the lower 
concentration. It is believed that, while the increase in nanoparticles does initially 
improve surface coverage, the high concentration results in some homoaggregates which 
are energetically more favourable than the silica coated nanowires. As a result, the rate 
of particle attachment is reduced down to its previous level. 
 
4.6     Raman Scattering: Comparison with a CdSe Monolayer 
The completed core-shell nanowires, which were coated with the 24 nm x 11 nm CdSe 
nanoparticles, had their optical properties recorded using both the Raman Spectrometer, 
,and a 532 nm laser using the setup described in the experimental section. These 
experimental results indicated a fluorescence peak at 670 nm, along with Raman bands at 
210 cm-1 and 420 cm-1 which correspond to the L-orbital (LO) and its overtone of 
CdSe[48]. The intensities of these properties varied depending on the thickness of the 
silica layer; demonstrating fluorescence quenching and Raman enhancement. An example 
of the nanowire’s Raman peaks are shown in fig. 4.6.1, where they are compared to a 
CdSe monolayer. As shown, the intensities of the bands are stronger than the ones from 
the monolayer even though there are fewer nanoparticles on the nanowire’s surface. As a 
result, the increases offered by the core-shell metal-insulator-semiconductor 
heterostructure is very apparent. 
 
In order to determine the exact level of enhancement for a single nanoparticle, an 




intensity of the Raman peaks. The beamwaist of the laser spot hitting the sample was 
determined using the equation[49]: 
                                                               o^ = p^7q                                                                    4.6.1 
Where λ0 is the wavelength of the light, NA is the numerical aperture of the lens, and ω0 
is the beam waist. Using the value calculated for the beam waist, the number of 
nanoparticles on the nanowire, and in the monolayer, which were illuminated could be 
estimated. In order to determine the number of nanoparticles on the nanowire; the area of 
the nanowire illuminated was estimated from the average geometry of the nanowire. The 
number of nanoparticles which would fit in this area was then calculated for both the 
monolayer and core-shell nanowire configurations. The tip of the nanowire was taken to 
be near the circumference of the beam when determining the number of nanoparticles 
illuminated. The area of the laser spot was determined to be 8.97 x 10-14 m2. Using this 
value, the number of nanoparticles in the monolayer was calculated to be 339.8 
nanoparticles, while the number on the nanowire surface was 240.6 nanoparticles 
(assuming 79.5 % coverage). 
 
Once the number of nanoparticles had been calculated, the individual contribution of a 
single nanoparticle was determined. In order to do this the contribution per nanoparticle 
was calculated for numerous nanowires which were all compared to three reference 
values of the CdSe monolayer. This allowed the exact percentage increase for the 
nanoparticles on the core-shell nanowire to be determined. The LO showed an increase, 
on average, of 141.27 % (or a ratio of 2.41) in intensity when a nanoparticle was on the 
core-shell nanowire in comparison to the monolayer. Similarly, the overtone showed an 
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Fig 4.6.1: Comparison of the CdSe Raman peaks for the heterogeneous nanowire (black) and the CdSe monolayer 
(blue). The spectra were obtained using a 532 nm laser. 
 
In addition the effect of electron phonons on these wires was obtained by calculating their 
Huang-Rhys factor (S-factor) which is a measure of the Frӧhlich interaction. The S-factor 
is equivalent to Δ2 = ∑ sn  where Δk is the shift of the harmonic oscillator potential when 
coupling between phonons is treated as Hamiltonian[49]. 
 
The ratio of integrated intensities for the LO and its overtone can be used to obtain Δ for 
a system. In these calculations the effective mass was taken as M* = (1/me + 1/mo)-1 = 
0.112[50]. The S-factor obtained for the core-shell nanowires ranged between 0.043 and 




This change in the S-factor is due to the alterations in the confining potential for the 
electron hole wave function[51][52]. As seen in the obtained Raman and fluorescence 
peaks, this change in the S-factor is due to the thickness of the silica layer. Due to the 
variations in the silica thickness for different nanowires characterised, there are changes 
in the ways the metallic and semiconductor layers interact; resulting in the various S-
factors recorded. 
 
The wave optics module in the COMSOL Multiphysics package was used to simulate the 
completed core-shell nanowires, and inspect the effects that central and end illumination 
of the nanowire had on the intensity and plasmon propagation of the structure. In order to 
correctly model the polarisation effect of the backscattered light; a 3D model was used. 
A 3D Gaussian beam was applied to simulate the excitation beam, while frequency 
domain stationary solutions were obtained for a series of simulation parameter sets. The 
nanowires were simulated using the average dimensions from the synthesised silver 
nanowires. The separate silica and CdSe layers were simulated as if the nanowire had 
been 100 % covered, and the long axis of the nanorods were parallel to the long axis of 
the nanowires. The average silica thickness of 7.5 nm was used for the layer thickness, 
while the thickness of the CdSe nanoparticle layer was taken as the corresponding 
nanoparticle’s diameter; either 11 nm, 9 nm or 6 nm thick. The simulation was set so that 
the core-shell nanowire would be either end-illuminated or illuminated at the centre with 









Fig 4.6.2:  The intensity profile of an end illuminated core-shell nanowire, and (b) a centre illuminated core-shell 
nanowire viewed from above. The colour goes from red to blue with red representing areas of high electric field and 
blue representing areas of low electric field. Graphs (c) and (d) show the obtained intensity data from the simulations 
of (a) and (b) respectively at the CdSe surface layer. (e) The actual experimental data obtained from a core shell 
nanowire (black) in comparison to a CdSe nanoparticle monolayer (blue) when illuminated with a 532 nm laser from 










As shown in fig. 4.6.3 when the nanowire is end illuminated the production of propagating 
surface plasmons results in a much stronger intensity than when the wire is illuminated at 
the centre, something which matches the experimental data collected. While the 
simulation indicates that the intensity of an end-illuminated nanowire would be 9 times 
stronger than one centrally illuminated, instead of 2-3 times stronger, this region is very 
small (1.73 x 10-8 m) in the simulated structure. In comparison, the experimental data 
collected from the synthesised core-shell nanowire was averaged over the entire laser 
spot. As a result, the increase in the intensity is lower than that simulated. The simulation 
of the centrally illuminated nanowire has a peak value less than one, as the backscattered 
signal from the surrounding area was stronger than the signal from the nanowire. 
 
4.7     Conclusions 
A new synthesis route was developed which allowed for the growth of metal-insulator-
semiconductor and metal-insulator-metal core shell nanowires. Results from the 
heteroaggregation indicated that larger CdSe nanoparticles are capable of covering an 
average of 79.5 % of the nanowires corresponding to a completed structure. The increase 
in coverage due to particle size is attributed to increases in the van der Waals force, 
resulting in a much deeper energy well and making it harder for the nanoparticles to 
escape back into the solution. However; increased ligand length can greatly diminish this 
effect and lead to lower particle coverage of the nanowires, as demonstrated by the Ag-
SiO2-Au nanowires. Increasing the concentration of the nanoparticles in solution was also 
found to slightly reduce the overall coverage afforded. This is thought to be due to the 
greater chance of homoaggregation in solution, which the nanoparticles have a higher 
attractive energy for. This work provides general guidance on the factors which need to 




attachment rate, and saturation point are dependent on the attachment and detachment 
rate of nanoparticles reaching equilibrium which, in turn, is related to the depth of the 
energy well. 
 
Analysis of the completed Ag-SiO2-CdSe nanowires highlight an increase in the intensity 
of Raman peaks for CdSe when compared to those of a plain CdSe monolayer, due to the 
generated surface plasmon propagation. The unique shape and Raman enhancement of 
these nanowires in comparison to plain metal versions makes them more advantageous to 
use for incorporation into sensor probe tips. Their strong Raman bands also indicate that 
they could perform well as probe tips in microscopy techniques such as near field optical 
microscopy and for chemical analysis. In addition, the possibility also exists to use the 
nanowires in order to functionalize certain biological microorganisms; allowing their 
processes in drug delivery to be studied in detail[53]. 
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5.1     Introduction 
Nanowire structures offer a method for the construction of nanocircuits and logic gates 
through micro-tip assembly. However; other more complex patterns are easier to pattern 
directly onto a substrate for quicker device fabrication in industrial settings[1][2]. The 
formation of a heterogeneous substrate allows for the direct pattern of very complex 
structures with the benefits afforded through the use of the hybrid mode generation that 
results in superior optical performance[3][4]. In addition semiconductor-insulator 
substrates also have numerous applications for electronic devices[5][6] and can be used 
to form the basis of laser sources through cavity lasing. When designing these structures; 
however, care must be taken to ensure the completed structure will not suffer from 
electron leakage or propagation loss which can result in electronic shorts or the loss of 
waveguided propagation due to refractive index mismatch[7]-[9]. 
 
In this chapter an investigation is carried out into the optimal layer thickness for the 
formation of a CdSe-SiO2-Si heterostructure. Structures of CdSe-Si on their own lead to 




and proper optoelectronic propagation due to the higher refractive index of the silicon. 
By placing a layer of silica of suitable thickness, this loss can be minimized allowing for 
the heterostructure to carry out a variety of optical and electronic tasks. The change in 
refractive index of the material prevents refraction of the propagating optoelectronic field 
into the structure resulting in improved cavity mode propagation through the substrate. A 
series of simulations were first carried out using COMSOL software to determine the 
optimal silica thickness for CdSe layers 500 nm, 200 nm, and 1.5 µm thick to allow for 
optimum cavity mode propagation. Following this; the optimum 500 nm thickness 
parameters were used to form the heterostructure using electrophoretic deposition (EPD) 
to attach suitably aligned nanoparticles. Nonlinear cavities in the structure where then 
tested with both a 570 nm and 635 nm laser to highlight that the structure was capable of 
lasing now that the propagation loss had been sufficiently reduced.  
 
Finally, simulations were carried out of the heterostructure for trench patterns to prove 
that the advantages of the mode propagation confinement could be extended to patterns 
cut into the substrate allowing for high waveguide propagation output. 
 
5.2     Simulation of CdSe-SiO2-Si for Optimum Cavity Mode 
Confinement 
In order to prevent leaking of the optical mode into the silicon wafer, thus preventing the 
sample from lasing, a series of COMSOL simulations were carried out using various 
thicknesses of silicon dioxide sandwiched between the CdSe and Si layers. The silicon 
dioxide layer acts as an insulator to the cavity mode; allowing it to propagate along the 




in fig. 5.2.1. The CdSe is 500 nm thick as standard while the silicon is 600 nm thick to 
act as a suitable substrate. The CdSe layer has a refractive index of 2.55, the silica of 1.48, 
and the silicon of 3.44.  
 
Fig 5.2.1: The geometry used when simulating the CdSe-SiO2-Si nanostructure. The CdSe layer is 500 nm thick; while 
the silicon is 600 nm thick. The thickness of the silica layer varies from 30 nm to 150 nm depending on the simulation 
being run. 
 
In these simulations a 650 nm Gaussian beam was used as the illumination source to 
replicate the red laser illuminating one end of the structure. The various eigenfrequencies 
were then collected, and those with realistic values plotted to check the propagation of 
the beam. The one chosen to study for both realistic value and signal propagation 
appearance was that of the 4.59 x 1014 Hz + 2.99 x 1012i Hz eigenfrequency. (Variance 
around this frequency: ± 0.02 x 1014 Hz + ± 0.02 x 1012i Hz.) As expected, its imaginary 
part is lower than that of the real one, and the cavity mode propagates realistically through 
the material.  
 





When the results were plotted for silicon dioxide thicknesses from 30 nm to 150 nm, it 
was found that below 100 nm the propagation loss of the cavity mode into the silicon 
became progressively worse until below 60 nm levels were reached. This is highlighted 
in fig. 5.3.1 where the propagation at 100 nm and at 40 nm is shown. When the silicon 
dioxide became thinner than this, the propagation loss was too great, and realistic 




Fig 5.3.1: The propagation for (a) + (b) a 40 nm and (c) + (d) a 100 nm thick silica layer. As shown; there is heavy 
leakage into the silicon for the 40 nm thickness, while the propagation remains well confined in the thicker layer. The 
color scale goes from red to blue with red being high electric field intensity and blue being low intensity as follows:  
 
 
The exact thickness of the silica layer required was also determined for different 
thicknesses of CdSe. While 500 nm of CdSe is a suitable thickness for lasing; depending 
on the nanopattern being formed; thinner substrates can be desirable for ease of cutting, 




electronic applications, and/or for cheaper production costs[10]-[13]. To account for this; 
a different set of tests were run when the thickness of the CdSe was reduced to 200 nm. 
As shown in fig. 5.3.2 it was found that, once the thickness of the CdSe layer was 
decreased, 100 nm was no longer sufficient to prevent considerable propagation loss into 
the silicon layer. This loss was estimated to be up to 100 times stronger than with the 500 
nm thickness. As a result; increasing thicknesses of silica were added until values of 250 
nm were reached. It was found that realistic eigenfrequencies were unable to propagate 
through the CdSe until the thickness of the silica layer reaches a minimum value of 200 
nm. This result showed that both lasing, and mode propagation was possible in the thinner 
CdSe layer when this minimum layer of insulator was present.  
 
 
Fig 5.3.2: The propagation for (a) + (b) a 100 nm and (c) + (d) a 250 nm thick silica layer when the CdSe is 200 nm 
thick. Due to the reduction in the CdSe thickness; the propagation is not as easily supported, and leaks into the substrate 
even at thicknesses at 100 nm. Increasing the thickness further allows for steady propagation as shown previously. The 
color scale goes from red to blue with red being high electric field intensity and blue being low intensity as follows:  
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Alternatively other schemes would rely on thicker levels of CdSe. To test if mode 
propagation could occur at thinner insulating levels for thicker semiconductor layers; the 
simulations were rerun for a CdSe layer 800 nm thick with silica layers between 40 nm 
and 250 nm. The results showed that for thicker CdSe layers a thickness of 60 nm was 
sufficient to prevent strong loss into the substrate. This can be seen in fig. 5.2.3 where the 
leakage is apparent in the 50 nm silica thickness resulting in stronger overall loss as the 
mode propagates through the structure. The thicker CdSe layer appears to allow for 
further eigenfrequency propagation stabilization without the addition of thicker silica in 
the heterostructure as shown by the clearer mode propagation between images (a) and (c). 
The apparent increase in loss in (d) compared to (b) is simply due to the stronger overall 






Fig 5.3.3: The propagation for (a) + (b) a 50 nm and (c) + (d) a 60 nm thick silica layer. The leakage is heavier in the 
50 nm silica image resulting in less stable propagation through the CdSe. The color scale goes from red to blue with 
red being high electric field intensity and blue being low intensity as follows:  
 
 
The results in this section show a correlation between the thickness of CdSe and the 
thickness of silica for suitable propagation confinement. For thinner CdSe layers; thicker 
silica layers are required to prevent propagation loss into the substrate and vice-versa. 
While the exact thickness can be tailored to suit specific silica thicknesses; ideally, for 
thicknesses greater than 500 nm of CdSe, a 100 nm silica layer can be used to allow for 
stable mode propagation without the need to constantly tailor the SiO2-Si heterostructure. 
Similarly, a 200 nm layer can be used to allow for mode confinement for all CdSe 
thicknesses above 200 nm. 
 
5.4     Formation of the CdSe-SiO2-Si Heterogeneous Structure 
To prove that CdSe thicknesses above 500 nm would still propagate with the 100 nm 
thickness silica layer. Silicon wafers coated with a 100 nm layer of thermal oxide were 
ordered from University Wafer. The wafers were cut into 2 cm by 1 cm pieces to facilitate 
testing and sample inspection. The CdSe nanoparticles were then attached using 
electrophoretic deposition (EPD)[14][15]. The optimum conditions required to coat the 
wafers with a suitable thickness of CdSe were investigated by varying both the applied 
voltage, and by plasma cleaning the wafers for periods of time ranging from 15 s to 45 s. 
The applied voltage ranged from 350 V to 610 V for the various tests. The initial 
concentration of CdSe nanoparticles used was 2 mL of 4.8 mg/ mL weight per volume 
CdSe nanoparticles in an 8 mL Toluene solution. The CdSe nanoparticles had been 




washed twice at 3200 rpm in 50:50 Toluene: IPA solutions prior to dispersion to remove 
excess ligands and the remaining reactants in solution.  
 
Using a voltage of 350 V was found to produce an uneven nanoparticle layer on the SiO2 
surface. Areas of the substrate remained uncovered with the nanoparticles only settling in 
crevice like positions around the surface. This was thought to be due both to the 
possibility of contaminants on the surface, and the increased resistance provided by the 
silicon dioxide layer. To alleviate the problem with the resistance, the area where the 
sample would be connected to the electric probes was scratched away using a diamond 
tipped cutter. Increasing the applied voltage further resulted in continuous improvement 
in the overall coverage to increase the electric field around the nanoparticles. Once the 
applied voltage reached 610 V nanoparticle layers produced were quite smooth with less 
deviation and patching. When the experiment was run under these conditions, a 
nanoparticle layer of average thickness 0.96 μm, with values ranging from 0.53 μm to 
1.49 μm was obtained.  
 
As small patches without the nanoparticles were still present, the effect of the plasma 
clean was then studied by coating the various samples under the same experimental 
conditions. The results are shown in fig. 5.4.1. The effect of the clean was found to have 
a continuous improvement in the surface coverage for increasing cleaning time. At 15 s, 
the wafer appeared to have a much larger area of coverage, yet this was most apparent 
near the sides as the central portion remained quite shallow, with some small nanoparticle 
free patches remaining. This was seen to improve at 30 s, where the concentration 
gradient was greatly reduced, and no real visible spots remained. Finally the 45 s sample 




nanoparticle layer thickness for the 45 s sample was found to be 3.21 μm with values 
ranging from 1.72 μm to 4.249 μm.  
 
 
Fig 5.4.1: SEM images of the EPD on SiO2-Si substrates of CdSe for 180 s for (a) an uncleaned substrate and (b) a 
substrate plasma cleaned for 45 s. The uncleaned substrate has a much more uneven particle layer while the cleaned 
samples show smooth layers of CdSe. 
 
When the nanoparticle concentration was dropped to half of the original value; the 
average layer thickness for the uncleaned wafer was found to be 1.59 μm with values 
ranging from 0.99 μm to 2.32 μm indicating a reduction in the standard deviation of layer 
thickness. The wafer plasma cleaned for 45 s had an average value of 1.05 μm with values 
ranging from 0.848 μm to 1.23 μm. Images of the formed substrate are shown in figure 
5.4.2 for the 45 s sample at a lower concentration. Considering the sharp improvement in 
layer thickness at higher nanoparticle concentrations, and the much smoother layer 
obtainable at lower concentrations, the 45 s plasma cleaned sample was chosen as the 







Fig 5.4.2: SEM images of (a) the smooth CdSe formed through the EPD of CdSe nanoparticles at half the initial 
concentration onto the SiO2-Si substrate and (b) the vertical alignment of the CdSe nanoparticles in the layer for EPD 
at 610 V at 180 s following 45s of plasma clean for the wafer. 
 
5.5     Lasing of the CdSe-SiO2-Si Heterostructure from Nonlinear 
Cavities 
Once the heterogeneous structure had been formed; the ability for it to allow lasing in the 
CdSe layer was tested to see how it performed in comparison to the simulated results. The 
nonlinear cavities in the CdSe layer were tested with a 590 nm pulsed laser at 1 kHz. A 
neutral density filter was used to vary the input power of the laser to the sample from tens 
to a few hundred uW, and an objective of x10 was used for maximum illumination of the 
sample area. The samples were illuminated for 1-2 seconds to allow signals from the weak 







Fig 5.5.1:  An SEM image of the nonlinear cavities tested for lasing. 
 
The results of these tests are highlighted in fig. 5.5.2. The fluorescence peak of the CdSe 
was clearly visible in the mid 600 nm range for all input powers. From 6.82 µW and 
upward, a sharp peak at 665 nm appeared corresponding to the lasing of the sample; with 
secondary peaks in the 650-680 nm region. The peak generally reached maximum 






Fig 5.5.2: The lasing produced from the nonlinear cavity for different laser excitation powers using the 590 nm pulsed 
laser. When the power of the laser exceeds 6.82 µW a lasing peak begins to appear at 665 nm with further peak splitting 
for higher powers. This reaches a maximum between 16.30 and 24.56 µW where the laser begins to burn the structure. 
 
5.6    The waveguide propagation of the CdSe-SiO2-Si Heterostructure 
from Patterned Structures 
As the heterostructure had proven capable of both propagation confinement and lasing in 
nonlinear cavities; a further set of simulations were run to determine the optimum silica 
thickness for waveguide propagation in patterned structures. The simulation consisted of 
a general 2 µm x 7 µm trench cut into a 500 nm block of CdSe onto a SiO2-Si substrate 
to allow for a regular waveguide propagation to be studied. For the 500 nm layer; the 
trench depth was 200 nm into the CdSe layer. The thickness of the silica was varied in 
steps of 10 from 100 nm to 300 nm thickness to determine the optimum conditions for 
waveguide propagation. 
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Fig 5.6.1: The variation in waveguided output in a 2 µm x 7 µm trench cut into the CdSe-SiO2-Si structure for variations 
in the thickness of the silica layer. Waveguided output continuously increases for increasing silica thicknesses until a 
190 nm thickness is reached. From this point onwards the output begins to decrease once more. 
 
The results are presented in as a graph in fig. 5.6.1. As shown, the waveguide propagation 
continuously increases with thickness, due to better mode confinement, until the 
maximum output is measured at 190 nm. After this, the waveguide output begins to drop 
again until at 300 nm where the output is lower than that at a 100 nm thickness. Most 
likely the increase in silica thickness is leading to fluorescence quenching in the CdSe 
layer, resulting in a reduction of the output for the thicker insulating layers[16][17]. In 
addition, the CdSe and silica layers may be producing a hybrid plasmon mode for 
thicknesses up to 190 nm which further enhance the output through propagating surface 
plasmons. This work indicates that, while propagation confinement does occur at silica 
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thicknesses greater than 100 nm, optimum propagations occur for silica thicknesses 
around 190 nm. 
 
5.7     Conclusions 
Heterostructures of CdSe-SiO2-Si were developed using COMSOL simulations for 
thicknesses of CdSe layers of 200 nm, 500 nm, and 800 nm thickness. It was found that 
for a 200 nm CdSe thickness at least 200 nm of silica was required to prevent excess 
leakage into the silicon substrate for cavity mode propagation. This was decreased for 
CdSe thicknesses of 500 nm to 200 nm of silica due to the thinner CdSe layer resulting 
in more difficulty in lasing, and to 60 nm of silica for 800 nm of CdSe due to the higher 
amounts of CdSe present. This allows for the tailoring of the heterostructure depending 
on the desired thickness of CdSe and the properties under investigation. 
 
The heterostructure of 500 nm CdSe on 100 nm of silica coated Si wafers was then formed 
by depositing vertically aligned synthesised CdSe nanoparticles on the wafers using EPD. 
Optimum conditions for the EPD were found to first require 45 s of plasma cleaning for 
the silica coated Si wafers to remove any dirt that would prevent particle attachment. EPD 
of CdSe nanoparticles was then carried out for 180 s with a voltage of 610 V.  
 
When nonlinear cavities in this structure were illuminated with a 590 nm pulsed laser; the 
cavities were shown to lase with a characteristic peak of CdSe at 665 nm for laser powers 




power would degrade the structure. The resulting lasing highlights the propagation 
confinement afforded by the silica layer.  
 
The optimum silica thickness for the mode propagation of trench structures cut into this 
heterostructure were further investigated through COMSOL simulations. The results 
showed that maximum waveguided output was achieved for silica thicknesses around 190 
nm, which provides the optimum conditions for nanopatterning into the heterostructure 
for optoelectronic design. 
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Surface Plasmon Propagation 
Enhancement Through Antenna 
Incorporation in Au-Mica Structures 
 
6.1     Introduction 
This chapter focuses on the optimisation of the waveguided output of a trench and line 
cut structure, representing regular waveguides, through the addition of a suitable antenna. 
 
Surface plasmon propagation allows for the propagation of waveguides along thin metal 
stripes due to the metal-air interface of the material[1][2][3]. This in turn could allow for 
the nanopatterning of nanocircuit devices with surface plasmon propagation used to form 
an optoelectronic signal along the structure. A range of nanocircuit elements have already 
been implemented that use SPs to perform the tasks typically carried out by electronic 
circuits such as information transport and logic computation[4][5]. These elements have 
also proven capable of operating in a range of wavelength regions including near-infrared 
allowing for both broadband applications as well as possible silicon chip 
incorporation[6][7]. An ordinary waveguide structure would allow for the input of such 
a signal through the use of a suitable laser source. Alternative schemes; however, have 
been suggested; such as bowtie and semicircle structures which allow for increased 





The shape of the bowtie antenna causes strong and confined near-field enhancement with 
strong scattering resonance behaviour in the gap between the two triangles[8][9]. Their 
unique geometry allows them to behave the same as coupled plasmon resonant pairs while 
also exhibiting the electromagnetic properties of sharp metal tips[10]. Tests of various 
bowtie antennas have shown they are able to significantly enhance the optical gain as well 
as the photoluminescence of certain nanoparticles[11]. In addition; tests into the exact 
geometry of the bowtie antenna have highlighted the possibility of exciting the antenna 
at several different wavelengths at the same time and has been shown capable of 
enhancing silver nanostructures at several different wavelengths depending on the feed 
gap geometry of the antenna[11][12]. Similarly, the arc shape of the semicircle antenna 
can allow for broadband incorporation into slit devices and the redirection of the majority 
of input light into the regular waveguide or cavity with a large impedance bandwidth and 
broad side radiation[13][14]. 
 
In this chapter the two antenna schemes (bowtie and semicircle) are compared by cutting 
structures of equal length into Au-Mica samples which are 200 nm deep. The patterns 
were first replicated via COMSOL simulations of the patterns in Au-Mica to determine 
the optimum geometry of the patterns before being cut into the desired substrate using 
focused-ion beam milling. The patterns were then tested both experimentally and through 
COMSOL simulations using a 635 nm continuous wave (CW) laser for waveguide 
propagation output. The effect of polarization on the waveguide propagation was also 
studied through the introduction of a ½  waveplate and Polaroid combination. 
 
The effects of the bowtie and semicircle antenna were then expanded to include 




nm to 958 nm under polarization conditions both parallel and perpendicular to the 
direction of the regular waveguide structure. This was expanded further to include the 
waveguide propagation through a thin line cut structure to further study how the excitation 
was occurring in the patterns, along with both thicker line cuts and thinner trenches to 
from different regular waveguide structures. Finally the cause of mode leakage into the 
surrounding medium is outlined including calculations of the distance between collimated 
leaky modes and the angle with respect to surface plasmon propagation in the cut. 
 
6.2     Simulation of Various Waveguide Patterns for Optimum Optical 
Response 
COMSOL simulations were carried out to determine the optimum waveguide cut pattern 
for the waveguide propagation in an Au-Mica sample. A 3d model was used to properly 
model the polarization effect of the reflected/ backscattered fields. A 3d Gaussian beam 
was applied to simulate the excitation beam and the frequency domain stationary 
solutions were obtained for a series of simulation parameter sets. The thickness of the Au 
was set to 300 nm while the Mica was several microns thick. For the simulations, a 
standard 7 µm long trench was used with a width of 2 µm was used to form the regular 
waveguide structure. The wall thickness of the trenches was set to 100 nm and the patterns 
were set to cut 200 nm into the Au. Two main configurations were used aside from the 
standard waveguide structure; a semicircle and bowtie antenna structure. The simulation 
was set to illuminate the entry point of the waveguide structure using a 635 nm laser 
beam, with the main point of interest being the strength of the electric field upon exiting 
the trench at the opposite end. The semicircle pattern had variations in the distance, 
thickness, and angle to determine the optimum output signal. For the bowtie, the thickness 




signal output. A schematic of the simulation and the data collection method is shown in 
figure 6.2.1. 
 
Fig 6.2.1: The geometry used for the simulations of the bowtie and antenna structures. The Gaussian beam excites the 
sample at the left end of the structure. The circular structure in (a) and (b) represents the lens in an optical setup: It is 
designed so that it collects the intensity output from the sample over the same area as the NA of the lens in the lab.  A 
line cut straight through the 7 µm length of the trench was used to measure changes in the electric field as the waveguide 
propagates through the central section cut out by the trench. 
 
The optimum parameters were found by measuring the electric field output of the 
patterns. The regular waveguide pattern was run as a control standard. 
 
 
Fig 6.2.2: The optimum geometry determined for (a) the bowtie and (b) the semicircle antenna. 
 
The finalised geometries were compared in terms of output intensity by integrating the 
electric field over a partial sphere. The collection area of the sphere was set to match the 
NA of the microscope lens used in the lab. For these the wavelength of the Gaussian 






the bowtie gave an enhancement of 2.30 over the plain waveguide structure; while the 
semicircle gave enhancement of 1.35. Both patterns were thus considered suitable for 
further testing. 
 
The structure of the optimized designs are shown in fig. 6.2.2. Optimum geometry for the 
bowtie antenna was found to include a cut with a separation of 100 nm, and wall thickness 
of 80 nm- 100 nm with a triangle length of 2.80 µm ± 0.12 µm. The angle used for the 
bowtie was 10 degrees.  For the semicircle cuts; a partial circle structure was used with a 
radius of 1.45 µm and an arc length of 2.9 µm. 
 
6.3     Testing of Various Waveguide Patterns for Optimum Optical 
Response 
As the simulations showed high enhancement for both the bowtie and semicircle antenna 
structures; actual replications of these patterns were cut into Au-Mica substrates using a 
dual-beam focused-ion beam microscope. The patterns were designed using both RGB 
files and string files containing the exact coordinates for beam cutting. The Au-Mica 
substrates were 300 nm of Au on thicker layers of mica. The patterns were all set to cut 
200 nm into the gold to match the simulated patterns exactly. In addition; several 
additional trench lengths were cut with values ranging from 4-10 µm for the regular 
waveguide. 
 
The effect of the different patterns on the optical propagation was determined by 
illuminating the entry point of the waveguide structure with a 635 nm laser aligned with 
a 500 Hz chopper. The waveguide output was then aligned with a photodetector which 




do this; a signal lock-in amplifier was used that would convert the small output voltage 
from the sample to a value between 1 and 10 V. The exact conversion depended on the 
setting used on the amplifier. (The exact experimental setup is shown in chapter 3 section 
3.3). The laser had a maximum output power of 1.5 mW. After the waveguide propagation 
was measured; a reading of the scattering background signal was taken and subtracted 
from the result to remove error from the measured waveguide output. 
 
Fig 6.3.1: An SEM image and the waveguided SP produced from a 635 nm pulsed laser for (a) + (b) the bowtie antenna, 
(c) + (d) plain waveguide, and (e) + (f) semicircle antenna cuts. Waveguide propagation is strongest for the bowtie 
antenna due to increased coupling. 
 
The results for various patterns are illustrated in fig 6.3.1. As shown; when illuminated 
with a beam polarized parallel to the waveguide structure direction, the bowtie structure 
performed the best overall with a waveguide strength on average 2.16 times that of the 
standard trench structure and the results match the enhancement from the simulations 
very well. This is thought to be due to the structure of the bowtie itself; which focuses the 







waveguide begins to propagate. The semicircle cuts overall performed worse than those 
of the plain waveguide and bowtie patterns. While certain cuts did perform better than 
the plain waveguide designs; overall it had the lowest average waveguide propagation 
output, with an average value 0.88 times that of the plain waveguide, and appeared the 
dimmest when imaged with the CCD camera. It is possible that the design of the 
semicircle structure doesn’t allow the light to couple in as effectively into the trench due 
to the larger area at the mouth of the semicircle. Additionally; it could be that the 
separation between it and the plain waveguide is sufficient to cause some of the light to 
dissipate resulting in the waveguide being weaker when the propagation begins. 
 
6.4     The Effects of Polarization on Waveguide Propagation in the 
Various Patterns 
It was seen that altering the polarization of the beam changed the intensity of the 
waveguided light exiting the structures. As a result, a ½ waveplate and Polaroid pair was 
introduced in front of the laser to rotate the beam and check its effects on the waveguide 
output. The waveplate was rotated from 0 to 180 degrees in steps of 5 degrees and the 
output waveguide was both recorded on the CCD and measured using the signal detector. 
The signals were measured for the 7 µm x 2 µm structures as those had the highest 
waveguide propagation signals. In order to measure what angle of polarisation the rotated 
waveplate corresponded to; a polariser was introduced into the system. For a set 
waveguide rotation, the polariser was rotated through 180 degrees and the output power 
of the beam was recorded. This was used to plot out the power of the laser beam, with its 







Fig 6.4.1: The change in waveguided SP output for the 7 µm x 2 µm bowtie antenna for input lasers polarized at (a) 
100, (b) 60, and (c) 10 degrees. The polarization is strongest when the propagation is perpendicular to the orientation 
of the plain waveguide structure at approximately 100 degrees. The plots show the measured waveguide output and the 
theoretical fit for all three patterns in (d). The measured data is shown separately in (e) and the theoretical fits are shown 
separately in (f). 
 
The results of these are shown in fig. 6.4.1. It was found that the waveguides had 
maximum output at 100 degrees/ 280 degrees with the lowest values read at 10 degrees/ 
190 degrees for all three of the patterns. This would be in agreement with the orientation 




waveguide propagation is strongest when the polarisation of the beam is perpendicular 
with the orientation of the waveguide patterns. At different angles of polarisation the 
output is reduced due to greater losses of the waveguide due to polarization vector 
mismatch. The output of the waveguided SPs is regulated by the amount of loss 
experienced by the contributions of both the main TM (100 degree) and higher order TM 
(10 degree) modes. The polarization vector contains a horizontal and vertical component 
made from the two modes above. When the beam interacts with the waveguide; there is 
a decomposition of these two modes based on the input coupling coefficient. As a result 
the propagating SPs follow the equation[15]: 
 
                            tu^Lh` =  t?@A(v − 100) +  t?@A(v − 10)                                      6.4.1 
 
Where I is the irradiance, and v represents the angle of the laser’s polarization. Each of 
the polarization plots were normalized to 1 which represents the 100 degree polarization 
situation. The value for I10 differed depending on the pattern; which would make sense as 
the different patterns couple light in differently resulting in a different coupling efficiency 
depending on the cut. The ratios of TM to high TM dominated modes for the bowtie, 
semicircle, and plain waveguide patterns were found to be 1:0.52, 1:0.58, and 1:0.40 
respectively which represent the coupling mode coefficients. This is obtained by getting 
the ratio between the maximum and minimum values for each curve in figure 6.4.1. The 
higher the ratio; the better the pattern is at propagating both the standard TM mode and 
the higher order mode. As seen when studying these values; the plain waveguide structure 
has a significantly lower ratio in comparison to both the bowtie and the semicircle 
patterns. While the semicircle antenna had a slightly higher ratio compared to the bowtie; 




without external coupling enhancement. Both antenna patterns resulted in better TM to 
high order TM mode ratios indicating that they are both better at coupling in the higher 
order mode than the standard waveguide pattern. 
 
6.5     Bowtie antenna propagation in Broadband Applications 
The broadband properties of the bowtie antenna, in comparison to the plain waveguide 
structure were studied through both COMSOL simulations and experimentally using a 
pulsed laser of variable wavelength. The laser was again intercepted by a chopper 
operating at 500 Hz in order for the waveguided output to be measured by the lock-in 
amplifier, and the structures were tested for polarizations both parallel and perpendicular 
to the axis of propagation. A series of wavelengths were tested from 600 nm to 958 nm 
to cover the optical range of interest for most visible light nanooptics devices. 
 
A summary of both the simulation and experimental results for the regular waveguide are 
shown in fig. 6.5.1. For both the simulation and experimental data the bowtie showed 
enhancement of 2.05 ± 0.82 and 2.12 ± 0.40 respectively when perpendicularly 
polarized. This was significantly reduced both for the simulations and experimentally to 



























Fig 6.5.1: The measured output from experimental results for waveguide propagation output when (a) 
perpendicularly polarized. The COMSOL simulation results for the same are shown in (b) along with the propagation 
for (c) the bowtie and (d) the plain waveguide pattern shaped by the trench, in this case at 750 nm. This ratio is again 
shown in (e) for the experimental data and (f) the COMSOL data for the parallel configuration with (g) the bowtie 
propagation and (h) the plain waveguide shaped by the trench with the propagation at 750 nm. The color scale goes 
from red to blue with red being high electric field intensity and blue being low intensity as follows: 
 
 
To further study the effects of the antenna’s enhancement; a separate line cut 100 nm x 7 
µm was also introduced to compare how this alternate plain waveguide geometry would 
behave with antenna introduction. The experiment was then performed again with this 
new structure. 
 
The results for the 100 nm wide line cut are shown in fig. 6.5.2. In contrast to the plain 
waveguide structure shaped by the trench; the simulation and experimental data showed 
little enhancement with values of 1.06	 0.25 and 1.17  0.23 respectively when 
perpendicularly polarized. In comparison; when parallel polarized the bowtie showed 
enhancement from 5-1500 times that of the line cut from the simulations and 2.5-14.4 
times experimentally. 
 
The change in waveguide output enhancement for the bowtie antenna between the two 
polarization configurations is believed to be due to different modes being excited in each 
case instead of the shape of the bowtie antenna which was discussed in section 5.3. When 
the beam is polarized parallel to the trench shaped plain waveguide; both the bowtie 
structure and the perpendicular trench wall cause surface plasmon excitement in the 














Fig 6.5.2: The measured output from experimental results for waveguide propagation output when (a) 
perpendicularly polarized. The COMSOL simulation results for the same are shown in (b) along with the propagation 
for (c) the bowtie and (d) the line cut pattern in this case at 750 nm. This is again shown in (e) for the experimental 
data and (f) the COMSOL data for the parallel configuration with (g) the bowtie propagation and (h) the line cut 
propagation at 750 nm. The color scale goes from red to blue with red being high electric field intensity and blue 
being low intensity as follows:  
 
 
As shown in fig, 6.5.3; both the bowtie antenna and the short trench wall are both capable 
of exciting the surface plasmons resulting in strong propagation along the substrate 
without the addition of a trench or line cut to guide the structure. The line cut, however, 
suffers from high attenuation. This is due to the imaginary part of the propagation constant 
βi increasing in dielectric-metal gaps for decreasing core widths which produces high 
losses for surface plasmon excitation modes[21]. As a result, the output from this structure 
is extremely weak. 
 
Fig 6.5.3: The electric field propagation for (a) the bowtie antenna and (b) the plain single trench wall when illuminated 
with a parallel polarized Gaussian beam at 750 nm. As shown; both the antenna and the trench cut are able to sufficiently 
excite the surface plasmons in two directions parallel to the theoretical direction of the trench even when the full 
structure is not present. Here the trench cut is shown 10 nm below the surface to allow the trench wall used for the 
excitation to be seen. The color scale goes from red to blue with red being high electric field intensity and blue being 
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When the structure is perpendicularly polarized; the excitation instead occurs as a gap 
mode which propagates through the structure[22]-[25]. For the trench; the bowtie antenna 
better couples in the light resulting in a stronger gap mode. The line cut, conversely, 
shows comparable mode propagation to the bowtie due to suitable coupling into the 
structure. 
 
6.6    Semicircle Antenna Performance when Coupled with a Line Cut 
Due to the difference in propagation between the trench shaped regular waveguide and 
line cut patterns; the line cut simulations were rerun with the semicircle antenna to see 
the effect that this would have on the propagation output; and if it would perform better 
in this configuration than with the trench cut. For these configurations; the size of the 
semicircle was reduced to a length of 1.40 µm ± 0.05 µm and width of 0.40 µm ± 0.04 
µm for these structures. 
The simulations were carried out the same way as above and the results are summarized 
in figure 6.6.1. 
 
While the semicircle antenna still showed poorer performance when the beams’ 
polarization was perpendicularly aligned with the line cut, with an average value of  0.84 
 0.19; it did show favourable enhancement in the case of beams which were in parallel 
alignment to the line cut propagation direction. The semicircle antenna resulted in an 
enhancement up to 100 times that of the line cut from the simulations which, while still a 
factor of 10 less than the maximum of the bowtie, still performs much better than the line 
cut alone again due to the antenna’s excitation of surface plasmons. Similarly, 




structure. These results indicate that the semicircle antenna could have various 




Fig 6.6.1: The measured output from experimental results for waveguide propagation output when (a) perpendicularly 
polarized. The COMSOL simulation results for the same are shown in (b) along with the propagation for (c) the 




the parallel configuration with (f) the semicircle cut propagation at 750 nm. The color scale goes from red to blue with 
red being high electric field intensity and blue being low intensity as follows:  
 
 
6.7     Antenna and Line Cut Performance for Increasing Line Cut 
Widths 
It has been well documented that alterations to the width and depth of a structure can alter 
the propagation for a variety of materials [26]-[30]. To test the theory that the line cut 
dimensions affect the propagation occurring through the pattern the line cut was widened 
to 300 nm x 700 µm. This configuration was tested both experimentally and through 
simulations. 
 
As shown in fig. 6.7.1; for the parallel polarized beam; when the width of the line cut is 
increased, the output from the line cut structure alone becomes larger. This results in an 
enhancement in the output propagation by a factor of 10 for the line cut. In comparison; 
the bowtie and semicircle antennas don’t show any further enhancement through the 
increase in the line cut thickness. As a result; while the bowtie and semicircle antennas 
still perform better than the line cut; the overall enhancement decreases slightly from a 
maximum of 1000 times enhancement for the 100 nm thick line cut, to 100 for a 300 nm 
thick line cut. In addition; the excitation shows that the highest propagation is occurring 
on the top of the substrate again highlighting that the structures are exciting surface 
plasmons in this case. The results for the 90 degree polarization remain unchanged due 
to the fact that the gap mode is still being suitably enhanced. 
 










Fig 6.7.1: The measured output from experimental results for waveguide propagation output when (a) perpendicularly 
polarized. The COMSOL simulation results for the same are shown in (b) along with the propagation for (c) the bowtie 
and (d) the semicircle and (e) the line cut pattern in this case at 720 nm. This is again shown in (f) for the experimental 
data and (g) the COMSOL data for the parallel polarized configuration with (h) the bowtie propagation, (i) the 
semicircle propagation, and (j) the line cut propagation at 720 nm. The line cut can better excite the surface plasmons 
due to the larger width; improving the waveguided surface plasmon propagation output in comparison to the thinner 
structure. The color scale goes from red to blue with red being high electric field intensity and blue being low intensity 
as follows:  
 
 
While increasing the width of the structure does decrease the overall enhancement of the 
bowtie; due to its different structure, it maintains stronger enhancement over the line cut 
structure regardless of the width. This is shown in fig. 6.7.2 for a variety of widths up 
until 
900 nm. As shown; while the enhancement is reduced, the bowtie maintains a minimum 
enhancement over the line cut of just over 2. Conversely, the semicircle antenna begins 
to loose enhancement once the line cut width increases past 300 nm; though this could be 
due to the fixed size of the semicircle preventing proper coupling into the structure past 
this size. 





Fig 6.7.2: The change in enhancement for (black circle) the bowtie and (red triangle) the semicircle for increasing line 
cut widths. As the line cut becomes wider, it suffers from less attenuation of the surface plasmon mode. As a result; 
there is a continuous decrease in the enhancement from both the bowtie and semicircle antennas which can stimulate 
the plasmons themselves. The ratio of line cut/ line cut (blue triangle) is included as 1 for enhancement reference. 
 
Along with highlighting the effects of line cut width on the excitation of surface plasmons 
on the sample’s surface; this work also highlights the ability of the bowtie to maintain 
strong enhancement over the line cut structure for parallel polarized beam configurations 
without the need to alter the antenna’s geometry for wider structures. 
 
6.8     Trench Width Reduction Effects on Antenna Propagation 
Enhancement 
As the line cut was shown to change the overall enhancement offered by the antenna cuts; 
simulations were also carried out for trench shaped regular waveguide patterns with 
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thinner widths of 500 nm, 580 nm and 650 nm for both polarization beam conditions. The 
wall thickness was kept at 100 nm in all cases. 
 
The results are summarized in fig. 6.8.1 for the 580 nm condition. As shown; there is no 
significant change to the parallel polarization condition as the trench pattern is still 
capable of sufficiently exciting the surface plasmons on the substrate. The perpendicular 
polarization configuration, conversely, shows a change in the enhancement factor past 
the mid 700 nm region: The propagation in the trench shaped structure begins to decline 
due to reduced coupling of the gap mode. In contrast; the decrease in the trench size 
results in an increase in the imaginary part of the propagation constant which results in 
higher attenuation for the higher wavelengths[21]. 
 
In comparison to the trench shaped plain waveguide; both the bowtie and semicircle 
antennas continue with the characteristic propagation shown for the previous 2 µm wide 
sample for both the gap mode and the surface plasmon propagation mode. The results 
show that, as it becomes thinner, the trench shaped plain waveguide becomes less efficient 
at coupling in the higher wavelength gap modes; while the mode excitation from the 
antennas is able to compensate for this, resulting in a higher output from the structure. 
This effect was found to decline for widths lower than 500 nm showing that there is a 
threshold for this performance enhancement; though for trench widths between 500 nm 






The reason for the decrease in waveguide output is due to the reduction in the size of the 
trench wall. From the initial 2 µm x 7 µm tests; the bowtie antenna performs better than 
the regular waveguide pattern at exciting the gap mode into the structure. As the trench 
wall decreases in size the waveguide structure becomes thinner and less effective at 
coupling in the gap mode. This can be seen through the drop in the waveguide 
performance from a trench width of 650 nm, where the plain waveguide performance 
begins to drop off at 820 nm, to a waveguide width of 500 nm, where the drop occurs at 






Fig 6.8.1: The measured output from simulation results for waveguide propagation output when (a) perpendicularly 
polarized. The COMSOL electric field propagation is also shown for (b) the bowtie, (c) the semicircle, and (d) the plain 
waveguide pattern shaped by the trench; in this case at 720 nm. This output is again shown in (e) for the COMSOL 
data for the parallel configuration with (f) the bowtie propagation, (g) the semicircle propagation, and (h) the trench 
shaped waveguide propagation at 720 nm. The color scale goes from red to blue with red being high electric field 







Fig 6.8.2: The COMSOL simulation results comparing the bowtie and plain waveguide output for (a) a 500 nm wide 
plain trench shaped waveguide and (b) a 650 nm wide plain trench shaped waveguide under perpendicular polarization 
conditions. As shown; the waveguide performance drops faster for the 500 nm width due to the width being insufficient 
to excite the gap mode than the 650 nm wide plain waveguide.  
 
6.9     Leaky Modes 
As shown in the propagation of the line cuts; there is strong mode leakage into the 
surrounding gold substrate from the cut. This occurs when the wave vector of the plasmon 
mode is less than the wave vector of light in the substrate. The radiation angle of the leaky 
mode is determined by the phase matching condition[31]-[35]. A schematic of this is 
shown in fig. 6.9.1. 
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Fig 6.9.1: The factors affecting the collimated leaky modes that escape from the line cut into the substrate. The length 
d represents the distance between adjoining leaky modes while the angle θ represents the angle that the mode makes 
with the normal propagation direction. The color scale goes from red to blue with red being high electric field intensity 
and blue being low intensity as follows:  
 
 
The angle θ represents the angle between the radiation direction and the normal of the 
substrate. The length d is the separation between two of these leaky modes. By running 
the simulation for both zero and 90 degree polarizations; two leaky modes can clearly be 
seen, with superpositions for the two modes at 45 and 135 degrees [32] as shown in figure 













Fig 6.9.2: The mode leakage into the substrate at (a) 0, (b) 90, (c) 45, and (d) 135 degree polarization. The longitudinal 
and transverse modes can be seen in (a) and (b) respectively while (c) and (d) show the superposition of the two modes. 
The color scale goes from red to blue with red being high electric field intensity and blue being low intensity as follows:  
 
 
The distance d when measured gives an average value of 615 nm. The relationship 
between the wave vector of the surface plasmons in the line cut and the wave vector of 
leaky radiation light into the gold substrate can be given as[32]: 
                                             -$  w^L^AB#v																																																										6.9.1 
Where kspp is the wave vector of the surface plasmons at the Au-air interface and kphoton is 
the wave vector of photons in the gap with kphoton= 2xhON7/p with η being the real part 
of the refractive index of the substrate and λ the wavelength of the light. While there are 
generally two modes for propagation real parts, transverse and longitudinal, which will 




be denoted Re(kMI) and Re(kMII) from here; as discussed previously, an air gap surrounded 
by metal cladding results in alterations to both the real and imaginary parts of the 
propagation constant depending on the gap width[21][31][36]. As a result; there is only 
one major mode leakage in each case; which can be seen due to the extremely low leakage 
for the 0⁰ polarization (a) in figure 6.9.2. The relative refractive index of the modes can 
be written as: 
                                            -$/ =  -$(xMzz)                                                       6.9.2 
Where k0 = 2π/λ is the wave vector of light in a vacuum. The real part of the leaky 
refractive index is Re(ηeff). The real parts of the refractive indices of the two modes can 
then be calculated directly by measuring leakage angles which are θI = 60⁰ and θII = 0. 
The real part of the refractive index for gold at 720 nm is 0.133 and for air is 1. Using 
these values for Re(ηeffI) and Re(ηeffII) can be calculated directly using the above; resulting 
in values of 0.866 and 0 for Re(ηeffI) and Re(ηeffII), (due to the mode confinement) 
respectively.  The period Λ of the distribution of leakage radiation in the line cut can be 
written as[32][35]: 
                                                 { =  p-$xMzz| − -$(xMzz||)                                                6.9.3 
The distance d can then be calculated using[30]: 
                                                           9 =  {AB#v                                                               6.9.4 
Using these calculations; a value of 719 nm is obtained for d which is close to that 





This section provides an explanation for the mode leakage into the gold substrate and the 
methods to calculate the distance between each collimated leaky mode caused by both 
transverse and longitudinal mode leakage. 
 
6.10     Conclusions 
The ability of bowtie and semicircle antennas to improve the waveguided propagation of 
surface plasmons was investigated for both trench and line cut shaped plain waveguide 
patterns in Au-Mica. The optimum parameters for both the bowtie and antenna structures 
were obtained using simulations in COMSOL and then cut into substrates of Au-Mica for 
a variety of structures. When tested with a 635 nm CW laser; it was found that for trench 
shaped waveguide structures the bowtie provided the highest output with an average 
enhancement factor of 2.16 over the trench, while the semicircle antenna only provided 
output 0.85 times that of the plain waveguide. 
 
The effects of polarization on the waveguide propagation of the antenna and plain trench 
shaped waveguide structures were tested by introducing a ½ waveplate and Polaroid to 
the setup. For all patterns it was found that the waveguided output was strongest when 
the beam was polarized perpendicular to the direction of the waveguide structure; while 
it was weakest when the beam was polarized parallel to the direction of the trench. All 
patterns showed different polarization coupling coefficients highlighting the different 





The ability of the antenna structures to produce enhancement in broadband situations was 
studied both experimentally and through simulations by comparing the trench shaped 
waveguide output to the bowtie antenna output, and the line cut structure to both the 
bowtie and semicircle antenna patterns for both parallel and perpendicular beam 
configurations. It was found that a parallel polarized beam showed no enhancement for 
the bowtie over the trench but extremely high enhancement over the line cut due to the 
excitement of surface plasmons which the line cut was incapable of exciting to a sufficient 
amount. For a perpendicularly polarized beam; the bowtie showed an average 
enhancement factor of 2.12 over the trench shaped waveguide yet no measurable 
enhancement over the line cut. This was shown to be due to the excitation and propagation 
of a cavity mode that was enhanced by the bowtie for the trench shaped waveguide 
structure. The semicircle was found to perform similarly to the bowtie for the line cut 
situation when the beam was parallel polarized to the trench though with a reduction in 
enhancement in comparison to the bowtie pattern. 
 
Increasing the width of the line cut pattern to 300 nm was found to improve the 
propagation of surface plasmons through the line cut when the input beam was polarized 
parallel to the cut direction; again highlighting that surface plasmons were being excited 
due to the width of the structure. The bowtie antenna and semicircle antenna both yielded 
similar results to the previous configuration with a reduction in maximum enhancement 
possible yet still providing better coupling than the line cut alone. When this was extended 
to line cuts for widths up to 900 nm; the bowtie maintained a minimum enhancement of 
4 while the semicircle began to lose enhancement after the width exceeded 300 nm due 





The causes of the leaky modes into the substrate were discussed and the angle and 
distance between collimated leaky modes was determined. Due to the change in refractive 
index between the air filled trench and the surrounding gold substrate. The distance 
between leaky collimated modes was calculated to be 719 nm; which was very close to 
the measured value of 615 nm. The leakage angle of the collimated beams was found to 
be 60⁰ with respect to the normal propagation in the line cut. 
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Further Waveguide Propagation 
Enhancement through the 
Introduction of Additional Materials 
and Multiple Slits 
 
 
7.1     Introduction 
While the previous two chapters dealt with patterns filled with air; the introduction of a 
semiconductor or metal material can change the way in which mode propagation and 
leakage occurs in the structure. 
 
The introduction of other materials have proven to give various enhancements to optical 
and electronic phenomena. A variety of metal-insulator-metal (MIM) and insulator-
metal-insulator-metal (IMIM) structures have been developed for a wide range of optical 
and electronic applications[1]-[3]. The insulating layer allows for the confinement of the 
propagating surface plasmons; which can be further enhanced with a top layer of insulator 
instead of air allowing for better confinement. This allows for optical absorption of up to 
82.5 %, which is very desirable for hot injection PV devices, where the device use the 




incorporation of insulating materials has also already been used to reduce radiation 
leakage and increase leakage angle for silver nanowires deposited on glass[4]-[6]. 
 
Multi-slit patterns also allow for waveguided enhancement through the coupling of 
waveguided input light through multiple slit patterns. This allows for the production of 
hybrid modes through interference of the coupled beams with higher initial intensity 
allowing for the waveguides to propagate for further distances[7]-[10]. 
 
For the Au-Mica patterns; here the trenches and line cuts are filled with CdSe. The 
increase in refractive index should result in reduced mode leakage into the substrate due 
to the better confinement. For these experiments all trenches kept the standard 7 µm x 2 
µm size and all line cuts were 7 µm x 100 nm unless expressly stated otherwise. 
 
The Au-Mica 2 µm side wall was then treated as a single slit and compared to triple slit 
configurations of varying separations and lengths. The width in all cases was 100 nm. 
 
7.2     Bowtie and Semicircle Antenna Performance with Filled Line Cut 
Au-Mica Structures 
COMSOL simulations were carried out to determine the optimum trench cut pattern for 
the waveguide propagation in the Au-Mica sample. A 3d model was used to properly 
model the polarization effect of the reflected/ backscattered fields. A 3d Gaussian beam 
was applied to simulate the excitation beam and the frequency domain stationary 
solutions were obtained for a series of simulation parameter sets. The thickness of the Au 




used in chapter 6. The intensity and electric field output were collected using the same 
experimental simulation procedure from chapter 6 section 6.2. 
 
In order to study the effects of semiconductor material incorporation into the line cut 
structures, the simulations were rerun when the line cut itself was filled with CdSe which 
has a higher refractive index of 2.55. Both the bowtie antenna and semicircle antenna 
were left empty to prevent changes to the light coupling into the structure. Both major 
polarization directions were again used. 
 
The empty line cut was first compared to that when filled with CdSe. As shown in fig. 
7.2.1; when the trench is filled with CdSe the output from the line cut is much higher even 
without the addition of an antenna structure when the beam is parallel polarized to the 





Fig 7.2.1: The measured output from COMSOL simulations for (black circle) CdSe filled line cuts and (blue diamond 
empty line cuts for a parallel polarized beam. The electric field distributions for (b) the filled line cut and (c) the empty 
line cut are also shown. The waveguided output is much higher for the CdSe filled line cut in all cases. The color scale 
goes from red to blue with red being high electric field intensity and blue being low intensity as follows: 
 
 
As shown in figure 7.2.2: When the line cut was filled with CdSe, the bowtie antenna 
showed improved enhancement over the line cut structure for perpendicular polarizations 
up to 870 nm. This improvement is thought to be due to the CdSe reducing losses into the 
surrounding structure resulting in the improvement of the light coupling into the structure 
from the bowtie antenna. In addition; while the overall enhancement in the parallel 
configuration was decreased by a factor of 10 due to quenching in the CdSe, the structure 




still provided superior performance to the line cut due to the stronger enhancement offered 
by the antenna structures. 
 
 
Fig 7.2.2: The measured output from COMSOL simulations for waveguide propagation output when (a) parallel 
polarized. The electric field propagation for (b) the bowtie,, (c) the semicircle, (d) the line cut pattern is also shown at 




propagation, (g) the semicircle propagation, and (h) the line cut propagation at 720 nm. The color scale goes from red 




These results highlight the ability to increase the output propagation through the 
introduction of a semiconductor material. The addition of the CdSe forms a 
heterogeneous structure with the Au-Mica allowing for the reduction of mode loss and 
the generation of hybrid plasmonic modes which result in higher waveguided output 
through better confinement of propagating surface plasmons in the structure[11]-[14]. 
 
When the line cut pattern was filled with CdSe it was found that the bowtie antenna was 
able to produce enhancement up to about 8 times that of the structure alone when 
perpendicularly polarized due to the sharp reduction in mode loss from the empty pattern. 
The results remained similar for the parallel configuration due to the improved 
performance of the filled structure without the addition of an antenna. 
 
7.3     Bowtie and Antenna Performance with Filled Trench Cut Au-
Mica Structures 
The effects of the filled patterns were repeated for the trench cut plain waveguide pattern. 
Again, the bowtie was left empty to prevent any changes to the light coupling; and the 
simulations were run in broadband conditions for both the parallel and perpendicular 
configurations. 
 






Fig 7.3.1: The measured output from COMSOL simulation results for the parallel polarization condition along with 
the propagation for (b) the bowtie and (c) the plain waveguide pattern when the trench is filled with CdSe at 720 nm. 
This output is again shown in (d) for the perpendicular configuration with (e) the bowtie propagation and (f) the plain 
waveguide propagation at 720 nm. The color scale goes from red to blue with red being high electric field intensity and 









The results are shown in figure 7.3.1. Interestingly; when the trench is filled with CdSe, 
the bowtie instead produces enhancement for the parallel configuration; with an average 
enhancement of 2.70  1.44 over the trench. Instead the bowtie performs much worse in 
the perpendicular configuration with waveguided output much lower than that of the plain 
waveguide trench cut structure. The results indicate that the difference in the material in 
the bowtie antenna, which is filled with air, in comparison to the trench pattern, filled 
with CdSe, causes the superior performance of the bowtie due to the difference in mode 
coupling brought about. This effects the excitation of the surface plasmons reducing the 
surface plasmon excitation, most likely due to the mode being more confined in the CdSe 
layer preventing the level of excitation capable with the air filled structure. 
 
7.4     The Performance of Filled Bowtie Antennas in Comparison to 
Empty Structures 
As the bowtie structure had been left empty to prevent changes to the coupling; a second 
set of simulations was carried out to the change that occurs when the bowtie structure is 
filled with CdSe as well. For these tests the basic trench structure was used for the 










Fig 7.4.1: A comparison between (black circle) the empty bowtie and (blue square) the filled bowtie for (a) parallel 
and (b) perpendicular polarization conditions. The propagation for the parallel polarization is shown for (c) the empty 
and (d) the filled bowtie at 720 nm. The perpendicular polarization is shown for (e) the empty and (f) the filled bowtie 




The results are shown in figure 7.4.1. When parallel polarized; the filled bowtie performs 
much worse than the empty structure with values up to over 100 less for certain 
wavelengths. In comparison, for perpendicular configurations, the filled bowtie performs 




better with an average enhancement of 2.34  1.47. The enhancement lasts until the 
wavelength exceeds 900 nm at which point its performance rapidly drops off. The results 
indicate that the increase in the refractive index caused by the inclusion of CdSe in the 
bowtie improves the gap mode excitement in the substrate through both reducing leakage 
and better coupling of the propagating plasmons into the trench. In comparison; the filled 
structure is much poorer at exciting surface plasmons in the structure; preventing effective 
propagation of the mode through the substrate[15]-[17]. 
 
The results match well with those of the empty bowtie in comparison to the filled trench: 
When filled with CdSe; both the bowtie and trench structures more effectively couple the 
gap mode into the structure making them preferable for gap mode applications; while the 
empty bowtie performs better for surface plasmon mode coupling. 
 
7.5     Change in Mode Leakage through the Introduction of CdSe into 
the Line Cut 
The change in material from air to CdSe increases the refractive index in the line cut to a 
higher value of 2.55. As such; the angle and distance between the collimated beams shifts 
which has already been reported, as mentioned above, for Al2O3 covered silver nanowires 
on glass. To study the effect that this would have; the leakage data for 7 µm x 300 nm 
line cuts is recollected for the 0⁰, 90⁰, 45⁰, and 135⁰ polarization conditions at 720 nm to 
match the previous work on Au-Mica with air filled trenches. The procedure used is 
identical to that outlined in chapter 6 section 6.9 with the only difference in this case 
being kphoton= 2x])}M7/p due to the gap being filled with CdSe which has a refractive 






Fig 7.5.1: The electric field distribution from COMSOL simulations for line cuts filled with CdSe at polarizations of 
(a) 0⁰, (b) 90⁰, (c) 45⁰, and (d) 135⁰ polarizations. See figure 6.9.2 in chapter 6 for a comparison with the empty 




The electric field for the above polarizations is shown in figure 7.5.1. The distance d when 
measured gives an average value of 410 nm, which is a reduction from that seen for the 
empty line cut of 615 nm. Similarly; the leakage angle of the modes has changed between 
the full and empty configurations. While the angle from the 0⁰ polarization has become 
slightly larger; the second mode for the 90⁰ polarization is now fully confined with no 
visible leakage into the substrate. The two mode leakage angles can also be obtained 
which are measured to be θI = 70⁰ and θII = 0⁰ respectively. Equations 6.9.1 – 6.9.4 can 
then be used to calculate the value d which comes out as 281 nm which is close to the 
measured value of 410 nm and is similarly a reduction from the empty line cut which had 




a value of 720 nm. The change in the confinement and the angle of the collimated beams 
shows the change that the refractive index of the CdSe has on the propagation[18][19]. 
 
7.6     Single vs Multi Slit Propagation 
The horizontal trench line can be treated as a single slit grating. As this is capable of 
exciting the surface plasmons; a comparison was carried out for sets of three slits with 
varying separations. Gratings have been used extensively to couple light in a manner 
similar to a diffraction grating [20]-[24]. As the wavelength of SPPs differ from that of 
the wavelength in vacuum; the optimum separation for a particular SPP wavelength can 
be obtained from[25][26]: 
                                                 p}~~ = B +  
ɛ/_ɛ)ɛ/_ + ɛ)                                                   7.6.1 
Were ao is the periodicity, ɛAU is the permittivity of Au, ɛd is the permittivity of the 
adjacent dielectric material, and i and j are integers which define the order of Bloch 
modes. For this calculation; [i, j] is taken as [1, 0]. The permittivity of Au is taken as -
17.219 and for air is taken as 1[27][28]. Separations of 693 nm, 747 nm, and 893 nm were 
obtained for wavelengths of 720 nm, 770 nm, and 920 nm respectively. The structure and 
illumination of the 920 nm separation is shown in figure 7.6.1. The simulations were 
carried out at zero degree polarization to ensure the proper stimulation of the surface 
plasmons, and the wavelength range covered was 620 nm to 920 nm to see the effects 






Fig 7.6.1: The geometry of (a) the triple slit used to test the enhancement afforded by grating structures and (b) the 
electric field propagation when excited. The color scale goes from red to blue with red being high electric field intensity 
and blue being low intensity as follows: 
 
 
The results of the experiment are shown in fig. 7.6.2. As shown; the enhancement for the 
different slits continues to increase until the wavelength reached 770 nm. At this 
wavelength maximum enhancement is reached with values of 2.63, 2.96, and 2.92 for 
separations of 698 nm, 747 nm, and 893 nm respectively. This would match previous slit 
experiments where the enhancement of multiple slits continues to increase with 
increasing wavelength until the optimum separation is reached[29]-[31]. However; past 
this optimum value, in all cases, the enhancement begins to drop off. This would be 
expected as the multi-slit pattern is ideally used for single waveguide excitation. 
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Fig 7.6.2: The enhancement afforded by the various triple slit patterns over a single horizontal slit. There is maximum 
enhancement at 770 nm; which drops off rapidly due to insufficient coupling into the multi-slits at higher wavelengths. 
 
This drop-off is considered to be due to the multi-slit being inefficient at coupling in 
longer surface plasmon wavelengths due to the limits of its dimensions. However; this 
drop off can be lessened by extending the length of the slits allowing for better coupling 
of the higher wavelengths. This was shown through simulations of the 698 nm separated 
slits whose length is increased from 2 µm to 3 µm. As shown in figure 7.6.3 the increase 
in the length of the slits improves the output at higher wavelengths slightly; reducing the 
rate of decline. The increase however; is too small to offset the decrease in performance 
at wavelengths past 870 nm. 
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Fig 7.6.3: The enhancement afforded by triple slit patterns with a separation of 698 nm for slit lengths of (black circle) 
2 µm, and (red pentagon) 3 µm in comparison to the single slit 2 µm wide (green triangle). 
 
In summary; the multi-slit pattern can produce enhancement of up to 2.96 for wavelengths 
up to their optimum separation. While this would prevent their incorporation into wide 
broadband nanooptics applications; the multi slit is still quite advantageous for single 
wavelength devices for reasonable surface plasmon enhancement. 
 
7.7     Conclusions 
When the Au-Mica line cut patterns were filled with CdSe material; the propagation 
output of the line cut was enhanced by a factor of 10 due to reduced mode leakage into 
the substrate. The bowtie and semicircle antennas still produced higher output in 
comparison to the plain structure; though the overall enhancement was reduced by a factor 
of 10; again due to the improved coupling and propagation in the line cut. 
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In comparison; when the trench surrounding the plain waveguide pattern was filled with 
CdSe and the experiments repeated it was found that the bowtie antenna now produced 
gap mode enhancement for the perpendicular configuration of 2.70  1.44 over the plain 
waveguide with no visible enhancement for surface plasmon mode excitation. 
 
The change in mode leakage angle and the distance between the collimated leakage beams 
due to the change in refractive index in the gap to 2.55. The distance between leaky 
collimated modes was calculated to be 281 nm; which was very close to the measured 
value of 410 nm and in both cases showed a decrease in the separation from the empty 
version in chapter 6. The leakage angle of the collimated beams was found to have 
increased to 70⁰ with respect to the normal propagation in the line cut. 
 
When the single slit propagation was compared to triple slits of different separations; it 
was found that the multi-slit pattern provided enhancement up to 2.96 times over that of 
the single slit before dropping off when the wavelength passed this point due to 
insufficient coupling. This held true for all separations tested. Increasing the width of the 
multi-slits does improve the output coupling; however the increase is too small to offset 
the decrease past a few tens of nanometers. The multi-slit pattern therefore provides 
benefits over the single slit pattern over a particular waveguide range; which can be 
tailored to fit specific nano-circuits operating in known waveguide bands. In comparison; 
the single slit configuration provides more stable levels of enhancement over the entire 
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8.1     Introduction 
This chapter summarizes the main conclusions from each of the results chapters and 
outlines future work that can be carried out leading on from these results. 
 
8.2     Chapter 4 Main Conclusions 
A new synthesis route for the growth of metal-insulator-semiconductor and metal-
insulator-metal core shell nanowires was developed utilising heteroaggregation as a 
fundamental step in the synthesis process.  
 
Studies of the heteroaggregation process indicated that larger CdSe nanoparticles are 
capable of covering an average of 79.5 % of the nanowires corresponding to a 
completed structure. The increase in coverage due to particle size was attributed to 
increases in the van der Waals force, resulting in a much deeper energy well and making 
it harder for the nanoparticles to escape back into the solution.  
 
Both increased ligand length and homoaggregation were shown to contribute to the 
reduction in particle attachment. This is considered to be due to the greater attraction 
from the homoaggregates and increased distances from longer ligands reducing the 
attraction felt by the nanoparticles. Based on studies of the heteroaggregation over a 20 




found to be dependent on the attachment and detachment rate of nanoparticles reaching 
equilibrium which, in turn, is related to the depth of the energy well. 
 
Analysis of the completed Ag-SiO2-CdSe nanowires highlighted an increase in the 
intensity of Raman peaks for CdSe when compared to those of a plain CdSe monolayer, 
due to the generated surface plasmon propagation offered by the heterostructure. The 
unique shape and Raman enhancement of these nanowires in comparison to plain metal 
versions makes them more advantageous to use for incorporation into sensor probe tips 
or for nanocircuits design. 
 
8.3     Chapter 5 Main Conclusions 
The optimum silica thickness for heterostructures of CdSe-SiO2-Si to prevent mode 
leakage into the silicon layer were investigated. The mode confinement was carried out 
using COMSOL simulations for thicknesses of CdSe layers of 200 nm, 500 nm, and 1.5 
µm thickness. It was found that for a 200 nm CdSe thickness at least 200 nm of silica 
was required to prevent excess mode leakage into the silicon substrate. This was 
decreased for CdSe thicknesses of 500 nm to 100 nm of silica due to the higher amounts 
of CdSe present. 
 
The optimum conditions for the formation of the heterostructure of 500 nm CdSe on 
100 nm of silica coated Si wafers was investigated by varying the applied voltage and 
deposit time for the EPD of CdSe nanoparticles onto silica coated silicon wafers. 
Optimum conditions for the EPD were found to first require 45 s of plasma cleaning for 




EPD of CdSe nanoparticles carried out for 180 s with a voltage of 610 V was found to 
produce a smooth layer between 0.85 and 1.23 µm thick which is sufficient for lasing.  
 
Nonlinear cavities in the CdSe-SiO2-Si structure produced lasing when illuminated with 
a 590 nm laser for powers between 6.82 µW and 24.56 µW with increasing power 
resulting in stronger lasing peaks until the damage threshold was exceeded. The lasing 
peak was situated at 665 nm which is a characteristic peak of CdSe. 
 
Finally the ability of the heterostructure to allow for optoelectronic propagation was 
investigated by carrying out a series of COMSOL simulations for patterns cut into this 
heterostructure. These patterns consisted of trench designs cut into both the 500 nm and 
200 nm thick CdSe layers. These results show the potential of the heterostructure to be 
used both for optical structures with lasing or waveguide properties in mind as well as 
in electrical circuit designs for reduced electron leakage. 
 
8.4     Chapter 6 Main Conclusions 
The ability of bowtie and semicircle antennas to improve the waveguided propagation 
of surface plasmons was investigated for both trenches and line cut patterns in Au-Mica 
using optimized pattern geometry. When tested with a 635 nm CW laser; the bowtie 
antenna provided an enhancement of 2.16 over the plain waveguide, while the 





The effects of polarization on the waveguide propagation of the antenna and trench 
structures were tested by introducing a ½ waveplate and Polaroid to the setup. For all 
patterns it was found that the waveguided output was strongest when the beam was 
polarized perpendicular to the direction of the plain waveguide shaped by a trench; 
while it was weakest when the beam was polarized parallel to the direction of the 
trench. All patterns showed different polarization regular TM to higher order TM mode 
ratios highlighting the different ways that the light propagates into the trenches for each 
antenna. 
 
The ability of the antenna structures to produce enhancement in broadband situations 
was studied both experimentally and through simulations by comparing the trench 
patterned regular waveguide output to the bowtie antenna output, and the line cut 
structure to both the bowtie and semicircle antenna patterns for both parallel and 
perpendicular beam configurations. It was found that a parallel polarized beam showed 
no enhancement for the bowtie over the regular waveguide but extremely high 
enhancement over the line cut due to the excitement of surface plasmons which the line 
cut was incapable of exciting to a sufficient amount. For a perpendicularly polarized 
beam; the bowtie showed an average enhancement factor of 2.12 over the plain 
waveguide yet no measurable enhancement over the line cut. This was shown to be due 
to the excitation and propagation of a gap mode that was enhanced by the bowtie for the 
trench structure. The semicircle was found to perform similarly to the bowtie for the 





Increasing the width of the line cut pattern to 300 nm was found to improve the 
propagation of surface plasmons through the line cut when the input beam was 
polarized parallel to the cut direction; again highlighting that surface plasmons were 
being excited due to the width of the structure. When this was extended to line cuts for 
widths up to 900 nm; the bowtie maintained a minimum enhancement of 4. This didn’t 
occur for the semicircle pattern due to the limited size of the pattern. 
 
The distance between leaky collimated modes was found to be 719 nm with an angle of 
60⁰ with respect to the normal propagation in the line cut. 
 
8.5     Chapter 7 Main Conclusions 
When the Au-Mica line cut patterns were filled with CdSe material; the propagation 
output of the line cut was enhanced by a factor of 10 due to reduced mode leakage into 
the substrate. The bowtie and semicircle antennas still produced higher output in 
comparison to the plain structure; though the overall enhancement was reduced by a 
factor of 10; again due to the improved coupling and propagation in the line cut. 
 
In comparison; when the trench pattern was filled with CdSe and the experiments 
repeated it was found that the bowtie antenna now produced gap mode enhancement for 
the perpendicular configuration of 2.70  1.44 over the trench with no visible 





When the single slit propagation was compared to triple slits of different separations; it 
was found that the multi-slit pattern provided enhancement up to 2.96 times over that of 
the single slit before dropping off when the wavelength passed the optimum separation 
point due to insufficient coupling. This held true for all separations tested. Increasing 
the width of the multi-slits does improve the output coupling; however the increase is 
too small to offset the decrease past a few tens of nanometers. The multi-slit pattern 
therefore provides benefits over the single slit pattern over specific wavelength ranges. 
In comparison; the single slit configuration provides more stable levels of enhancement 
over the entire wavelength range. 
 
The change in mode leakage angle and the distance between the collimated leakage 
beams due to the change in refractive index in the gap to 2.55. The distance between 
leaky collimated modes was calculated to be 281 nm; which was very close to the 
measured value of 410 nm and in both cases showed a decrease in the separation from 
the empty version in chapter 6. The leakage angle of the collimated beams was found to 
have increased to 70⁰ with respect to the normal propagation in the line cut. 
 
8.6     Future Work 
The heterogeneous nanowires could be attached to probe tips via micromanipulation to 
test their ability to enhance the response of analytic techniques such as near-field optical 
microscopy and chemical analysis[1]-[5]. In addition; while this study worked on a 
‘charge neutral’ model for the heteroaggregation, due to the use of Toluene; further 
investigations could be carried out to determine the effect of individual charges in 





Additional methods for building the nanowires could also be investigated such as the 
use of atomic layer deposition or evaporation for the attachment of the outer particle 
layer[10]-[13]. The nanowires could also be formed through the deposition and cutting 
of various layers using focused ion-beam microscopy to cut out the various geometries 
in between the coating of the different layers; also allowing for the cutting of more 
complex logic units with the benefit of the heterogeneous structures[14].  
 
The heterogeneous CdSe-SiO2-Si nanostructure could be easily adapted to form the 
basis for photocells where the properties of the CdSe layer could be used for electric 
current generation[23]-[27]. The reduction in electron leakage provided by the substrate 
would provide useful for high-performance devices. While the lasing of the 
nanostructure was shown through nonlinear cavities; a selection of patterns could also 
be directly cut into the substrate using focused-ion beam microscopy and then tested for 
lasing. The lasing capability of the heterostructure could also then be used to form the 
basis of microcavity lasers or other emitter structures[28]-[32].  
 
More complex patterns could be cut into the Au-Mica substrate to further test the 
enhancement of the bowtie antenna in these conditions[15]-[17]. Further work could 
also be carried out into the effects of other antenna designs such as the horn and slot 
antennas that should also provide enhancement in nanocircuit devices[18]-[21]. 
Furthermore; the antennas could be incorporated into more complex heterostructures 
such as Ag-Al2O3-CdSe nanobelts which have been shown, through simulations, to 




structures could be further enhanced through the incorporation of these various antenna 
geometries. 
 
For the pattern filling; the parameters for EPD of the CdSe could be determined and 
optimized to perfectly fill the pattern[33][34]. Evaporation and atomic layer deposition 
could also be investigated using a suitable incorporation of a mask to prevent the 
material coating the rest of the substrate. Other materials could also be tested such as 
semiconductor materials with a higher refractive index to see how this would further 
alter the propagation. 
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